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Abstract: Spin-dependent Electron Transport in 
NanomagneticThin Film Devices 
YuD Zhou 
Spin-dependent electron transport in submicron/nano sized magnetic tliin film 
devices fabricated using the optical lithography, e-beam lithography and focused ion 
beam (FIB) was investigated with the primary aim to find the ballistic 
magnetoresistance (BMR) in diin film naiioconstrictions. All experimental results 
were analysed in combination with micromagnelic simulations. The magnetisation 
reversal processes were investigated in a submicron half-pinned NiFe stripe with a 
microconstriction. An asymmetric MR ciu^e was observed, and micromagnelic 
simulations verified it was due to the exchange-bias on tlie left side, which changed 
the ma^etic switching mechanism. The effects of different pintiing sites on the 
magnetisation switching and domain wall displacement were studied in NiFe film 
and spin-valve based nanodevices. A sign of domain wall MR was seen on the 
transversal MR curve of the NiFe nanodevice due to the domain wall induced 
electron scattering. The size effect on the magnetisation switching and interiayer 
magnetostaiic coupling was demonstrated and characterised in syndietic 
antiferromagnet (SAF)-pinned spin-valve nanorings. It has been clarified by 
micromagnetic simulations that these nanorings exhibit a double or single 
ma^etisation switching process, which is determined by the magneiostatic coupling 
as a function of the ring diameter The inierlayer magneiostatic coupling was 
efficiently reduced in large SAF-pinned nanorings, resulting in a small shift of the 
3 
minor MR curve, which is beneficial to the magnetic memory applications. In-situ 
MR measurements and the investigation of domain wall properties have been carried 
out in FIB patterned NiFe film nanoconstriclions. Spin-valve like sharp transitions 
were observed on the MR curves in the 80 nm/130 nm wide nanoconstriction 
devices. However, our analysis of the results by micromagnetic simulations and 
domain observations with scanning electron microscopy with polarisation analysis 
(SEMPA) concluded that these sharp MR transitions originated from the anisotropic 
magnetoresistance (AMR) effect, due to the fast magnetisation rotation in the 
nanoconstriction. and not from BMR. The numerical investigation has proved thai a 
further reduction of the constriction width/length is necessary for large MR values. 
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Chapter 1 Introduction and Motivation 
1.1 Introdiiction 
Basic research in the physical sciences can result in important developments in 
engineering, technology and commercial production. 
In the past two decades, some exciting discoveries have revolutionised the magnetic 
recording industry. The most prominent examples are the giant magneioresistance 
(GMR) and tunneling magneioresistance (TMR) effects. These effects are related to the 
electron spin, which is the core of an emerging field known as spin electronics (or 
spintronics). The GMR device, which employs spin-dependent electronic transport in 
magnetic thin films, is the key technology for present computer hard disk drives 
(HDDs). While the TMR effect in magnetic tunnel jimctions (MTJ), employing 
spin-dependent tunneling, is critical to the development of magnetic random access 
memory (MRAM), 
The development of future high capacity mass-storage devices will need highly 
sensitive materials and devices with exceptional spin transport properties, which is 
characterised by a large MR ratio. 
In this thesis we study issues of critical importance to the development of future 
spintronic data storage devices, such as large magnetoresistance (MR) effects at room 
temperature, including ballistic magnetoresi stance (BMR) and domain wall MR. 
1.2 Project Objectives 
Since the discovery by Garcia et al [1] of 200% magnetoresi stance in mechanically 
formed wire nanocontacts, BMR in ferromagnetic point contacts has presented new 
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prospects of technological applications in information storage and spintronic devices. 
Further expcrimenls with mechanically adjusted and electrodcposited magnetic 
nanocontacts improved the result up to 500-700% at room temperature [2-5]. Very large 
room temperature MR values of up lo 500% were also confirmed in mechanically 
formed half-metallic oxide nanocontacts (Fe:iOa or CrO:) [6-7] or oxide-metal 
hetero-nanocuntacts (Ni- Cr02) [7]. The large BMR effect is attributed to non-adiabatic 
spin scattering across nanometre sharp domain walls trapped at nanoconstrictions [2, 
8-9], Bruno has shown that atomically sharp domain walls can form in point contacts 
[10], giving rise to the non-adiabatic nature of spin scattering and a very large BMR at 
room temperature. 
However, very recent experimental studies by Chopra et al. [11] of nano-sized Ni 
contacts, in which the reproducible BMR as large as 3000-4000% and even 100000% 
[12] was obtained, but cannot be explained hy the existing theories, have raised new 
questions about the origin olsuch huge BMR values. 
Thus more studies are certainly required to clarify the mechanism of the large BMR 
effect. The form imd the width of the domain wall at the nanocontacl (and the 
dependence of BMR on these factors) depend on the geometry of the nanoconlact itself 
and remain lo be investigated. Furthermore BMR results reported so far have been 
limited to mechanically formed or electroplated wire nanocontacts, so the exploration of 
BMR in thin film nanocontacls is very necessary. Since the beginning of this project, 
some results related to thin film nanoconlacts have been reported by other researchers 
[13-17]. 
Aiming to integrate the complementary knowledge, infrastructure and expertise for the 
exploration of the spin dependent ballistic transport properties in thin film nanocontacts, 
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the consortium of our BMR project ("ballistic magnetoresistance in thin film 
nanocontacts") consists of five European leading institutes/universities: Consejo 
Superior dc Investigacioncs Cientificas (CSIC), Spain, Centre for Research in 
Information Storage Technology (CRIST). University of Plymouth, Central 
Microstructure Facility (CMF) of Rutherford Appleton Laboratory (CCLRC), lAP of 
University of Hamburg (lAP) and Kazan Stale University (KSU). My PhD research is a 
main part of the BMR project. 
The goals of our project ai-e to employ state-of-the-art nanofabrication technology for 
the fabrication of thin film nanoconstrictions, and to carry out leading-edge research of 
spin dependent ballistic electronic transport in relation to physical sizes, micromagnetic 
structures, and domain wall motion and magtietoresistance in the vicinity of the 
nanocontacts. The aim is to achieve a better understanding of the observed 
spin-dependent transport mechanism. 
1.3 Organisation of Thesis 
The theme of this thesis is an experimental study of the spin-dependent electron 
transport properties in thin film nanocontacts, including both single-layer ferromagnetic 
and multilayer structures. 
Chapter 2 gives a brief review of the general background, including the theory of 
spintronics and the basic principles of spintronic devices. A review is also given of the 
historical development and the state-of-the-art work carried out in this field. 
Chapter 3 presents the experimental methods and micromagnetic simulation software 
used in this research. Section 3.1 describes the experimental methods, which includes 
thin-film deposition, microfabrication and nanofabrication techniques, and several 
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device characterisation methods. Section 3,2 briefly introduces two types of 
micromagneiic simulation software packages, which have been u.sed for the 
micromagneiic modelling in the following chapters. 
Chapter 4 covers all the experimental results along with micromagnetic simulations and 
relevant analysis. Section 4.1 describes the magnetisation reversal with the domain wall 
motion in both standard submicron NiFc .stripe and half-pinned NiFe stripe with a 
microconstriction. Further related research in NiFe and spin-valve based nano-sized 
devices with different artificial pinning sites is presented in section 4.2. Section 4,3 
gives a systematic description of the magnetoresistance, domain wall motion and the 
magnetic switching in NiFe nanorings, and the size effect on the magnetisation 
switching and interlayer magnetostaiic coupling in spin-valve nanorings. Section 4.4 
reveals that spin-valve like sharp transitions were observed on the MR curves in in-situ 
magnetotran.sport measurement of thin NiFe film nanoconiacts using FIB 
nanofabrication. Further analysis was carried out by the micromagnetic simulation and 
SEMPA domain observations. Section 4.5 presents current-perpendicu!ar-to-plane (CPP) 
magnetoresi stance study of single-layer NiFe and spin-valve nanocontacts fabricated on 
SiNx membranes. 
Finally in Chapter 5. some important conclusions are drawn from this work. 
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Chapter 2 Background 
2.1 The Development of Spintronics 
Spintronics (spin electronics, or magneto electronics) exploits the intrinsic spin of 
electrons in addition to the fiindamental electronic charge for device applications. This 
research field is the combination of two traditional branches of physics: magnetism and 
electronics. The aim is to find ways to manipulate the spin state of electrons in the 
magnetotransport process for spintronic applications. 
2.1.1 History 
The birth of spintronics was the discovery of the GMR effect in 1988 independently by 
A. Pert et al- [18] and P. Grunberg et al. [19J. The origins can be traced back further to 
the ferromagnet/superconductor spin-dependent tunneling research pioneered by P.M. 
Tedrow and R. Meservey [20], and initial experiments on magnelic tunnel junctions by 
M.Julliereinthe70's[2]]. 
2.1.1.1 AQisutropic Magneto resistance (AMR) 
Magnetoresistancc (MR), defined as the change of the electrical resistance as a function 
of an external magnelic field, is a well-known phenomenon, and can be expressed as 
AR/R, as shown n Fig. 2. 1 (a). 
In bulk ferromagnetic conductors, the leading contribution to the magnetoresistance is 
the anisotropic magneloresislaiicc (AMR) discovered in 1857 by W. Thomson (Lord 
Kelvin) [22]. 
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AMR originates from the spin-orbit interaction, which tends to induce an anisotropic 
scattering of the conduction electrons in the exchange split spin t and spin i 
3d-subbands [23], leading to a dependence of the electrical resistance on the relative 
orientations of the magnetisation and the electric current. The change in the resistance 
due to the AMR effect can be described by Fiq. (I-l), where 9 is the angle between the 
current and the magnetisation (Fig. 2, 1 (b)). 
R= Rn,m+AR COS^  0 (1.1) 
(a) 
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Fig, 2. 1. Anisoiropic magnetoresistance change as a function of (a) the magnetic field, (b) the angle 
between the current and the magnetisation [241. 
The AMR effect has caused great interest for industrial applications, such as magnetic 
sensors and read-out heads for magnetic disks. The AMR effect remained the most 
important contribution to the magneioresistance of ferromagnets until 1988, when the 
GMR effect was found. 
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2.1.1.2 Giant Magnetoresistance (GMR) 
It was a great sensation when, in 1988, A. Fert and P. Griinberg independently 
discovered that a much greater magnetoresistive effect (hence called "giant 
magnetoresistance" or GMR) can be obtained in Fe/Cr multilayers [18] and a Fe/Cr/Fe 
trilayer [19], respectively. These systems essentially consist of an alternate stack of 
ferromagnetic (e.g., Fe, Co, Ni, and their alloys) and non-ferromagnetic (e.g., Cr, Cu, 
Au, etc.) metallic layers. It has led to a whole series of important discoveries and 
opened the door for a new field - Spintronics. 
A typical GMR device consists of at least two layers of ferromagnetic materials 
separated by a thin non-ferromagnetic spacer layer. When the magnetisations of the two 
ferromagnetic layers are aligned in parallel (less scattering), they show a low system 
resistance; whereas if the magnetisation vectors are antiparallel (more scattering), the 
system is in the high resistance state. Two types of GMR have been applied in devices: 
(1) the current-in-plane (CIP) structure, where the electric current flows parallel to the 
layers and (2) the current-perpendicular-to-the-plane (CPP) structure, where the electric 
current flows in a direction perpendicular to the layers. 
GMR can also be observed in many other systems, such as pseudo spin valves (PSV), 
spin valves (SV) and granular thin films. In spin valves, one of the ferromagnetic layers 
is "pinned" by the antiferromagnetic (AF) layer, so its ma^etisation direction remains 
fixed and the soft magnetic layer is "free" to rotate when an externa! magnetic field is 
applied. 
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The most important application of the GMR effect to date is in the spin-valve sensors 
used in hard disk read heads, which were first introduced in 1997 by IBM. The SV 
sensors have replaced the AMR-based heads. 
So far, The GMR values exceeding 20% in symmetric spin valves [25] and spin valves 
with oxide specular layers [26] have been reported at room temperature. 
2.1.1.3 Tunneling Magnetoresistance (TMR) 
Giant magnetoresistance effects have also been found in systems comprising a thin 
insulating layer sandwiched between two ferromagnetic layers, that is, the TMR effect. 
The resistance of such a system changes with the relative orientation of the two 
magnetic layers. The TMR effect is a consequence of spin-polarised tunneling, which 
can usually be observed in structures with various tunnel barriers, such as AlO^ and 
MgO. 
Large magnetoresistance (over 10% TMR) in magnetic tunnel junctions (MTJ) was 
observed at room temperature in 1995 by J.S. Moodera [27] and T. Miyazaki [28]. To 
date -70% TMR has been observed in AlO, -based MTJs [29] and ~ 600% TMR in 
MgO-based pseudo-spin-valve MTJs [30]. 
At present the most ambitious project is the use of magnetic tunnel junctions as 
non-volatile magnetic random access memories (MRAM). An MRAM device can 
read/write the information by using the TMR effect. TMR can also be utilised in the 
read heads in HDDs. 
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2.1.1.4 Spin Torque Transfer (STT) 
A key to the success of the MR-based applications is to achieve a simple and efficient 
control of the relative orientation of two ferromagnetic layers. An interesting realisation 
of such control was independently proposed by Berger [31] and Slonczewski [32] in 
1996. Based on the fact that in GMR structures the relative orientation of 
magnetisations will affect the flow of spin-polarised current, they predicted the reverse 
effect, which is now known as the spin torque transfer effect: a spin-polarised current 
driven through a magnetic multilayer creates a torque on the magnetic layers, which can 
lead to a magnetisation reversal even without an applied field. 
2.1.1.5 Domain Wall IVIagnetoresistance (DWMR) 
For atomic-size constrictions, a very thin (sharp) domain wall predicted by Bruno in 
1999 [10], which becomes smaller than the electron mean free path, may lead to a large 
contribution to the resistivity, or a large domain wall magnetoresistance. 
If a DW is trapped in the nanocontact region, when the magnetisations at the two sides 
of the nanocontact are antiparallei, the polarised electrons will not be able to 
adiabatically traverse a sharp domain wall, leading to strong scattering (high resistance 
state); while in the parallel state, the electrons do not suffer domain wall scattering, 
corresponding to a low resistance state. 
The large OWMR expected in magnetic nanocontacts have stimulated significant 
interest in the magnetotransport through domain walls due to possible applications of 
DWMR in spintronic devices. 
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2.1.1.6 Ballistic Magnetoresistance (BMR) 
The first so-called ballistic magnetoresistance effect of over 200% was experimentally 
discovered in 1999 by Garcia et al. in Ni-Ni wires joined by a nanocontact, which was 
then increased to 700% and 1000% at room temperature [33]. In this case ideally the 
size of nanocontacts is smaller than the electron mean fi^e path, so the electrons are 
believed to transverse the junction ballistically without loss of spin polarisation and no 
scattering. 
Ideally the BMR effect is a promising candidate of future high capacity 
information-storage devices. But the huge BMR, as high as 3000-4000% or even higher, 
which cannot be explained by the existing theories, requires more studies to clarify the 
mechanism behind it. 
2.1.2 Applications 
Current efforts in designing and manufacturing spintronic devices involve two different 
approaches. 
2.1.2.1 Metals-based Spintronic Devices 
The storage density of hard drives is rapidly increasing exponentially, partially because 
metal-based spintronic devices like GMR and TMR sensors have increased the 
sensitivity of the read head and the areal density of information storage. 
MRAM, based on arrays of TMR or spin torque transfer (STT) devices, is non-volatile, 
so information is stored even when the power is off. The first commercially available 
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MRAM product, Freescale's 4Mb Toggle MRAM, was released in 2006. 
Based on STT writing technology, STT-MRAM has the potential to replace embedded 
SRAM and Flash as well as DRAM with the advantages of lower power-consumption, 
ultra-high speed and better scalability over conventional MRAM. 
Another design in development, called RaceTrack memory, which was recently 
announced by S. S. P Parkin as another type of nonvolatile memory [33-35], encodes 
information into the magnetic domain walls along a ferromagnetic wire. 
2.1.2.2 Semiconductor-based Spintronic Devices 
Semiconductor based spintronic devices could be much easier integrated with 
traditional semiconductor technology. 
Although electrical spin injection can be achieved in metallic systems by simply passing 
a current through a ferromagnetic metal, the large impedance mismatch between 
ferromagnetic metals and semiconductors prevents efficient injection across the 
metal-semiconductor interface. A solution to this problem is to use a ferromagnetic 
semiconductor source (e.g. Mn-doped Gai-xMn^As) [36], which increases the interface 
resistance with a tunnel barrier [37], or using hot-electron injection [38]. 
Possible applications of semiconductor-based spintronics include magnetic sensors and 
non-volatile magnetic memory devices with more versatile design due to the ability to 
adjust potential variation and spin polarisation In the device chaimel by external 
voltages, device structures and doping profiles [39]. 
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2.1.3 Basic Theories 
2.U.1 Concept of Electron Spin 
The concept of electron spin was first hypothesised in 1925 by S. A. Goudsmit and G. E. 
Uhlenbeck [40-41] on the basis of two types of experimental evidence. They were the 
closely spaced splitting of the hydrogen fine structure and the Stem-Geriach experiment 
[42], in which a beam of silver atoms directed through an inhomogeneous magnetic 
field would be separated into two beams, indicating two possible magnefic moments for 
the electron. Both of these experimental results were consistent with the possession of 
an intrinsic angular momentum (with two possible states; ±1/2) and a magnetic moment 
for an individual electron. In a classical model, this could occur if the electron was a 
spinning sphere of charge, which generates the magnetic moment. This reasoning leads 
to the concept of electron spin. 
Electron spin is an intrinsic property of the electron related to its intrinsic angular 
momentum characterised by the quantum number 1/2. In quantum mechanics, the 
angular momentum of the electron is quantised and its magnitude can only take values 
S = yjsis + i)fi = Sfi/2 (5=1/2), where ft is the reduced Planck's constant. The 
resulting fine structure corresponds to two possibilities for the z-component of the 
angular momentum, S^^±~ti. 
Each electron is found in one of two spin states, which can be described as spin up ( t ) 
and spin down ( i ) . Generally there is a splitting of the spin-up and spin-down energy 
levels via the Zeeman effect, so electrons with their spins aligned with an external 
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magnetic field are less energetic than those with their spins anti-aligned. While for the 
traditional electric circuit, spins are randomly oriented, which have no effect on the 
current flow. 
In order to make spintronic devices, the primary requirement is to have a system that 
can generate a current of spin polarised electrons. Ferromagnetic materials are 
particularly appropriate for such devices because of the spontaneous magnetisation, 
which creates an imbalance of spin population at the Fermi energy level in the 
electronic structure. The imbalance of energy states for spin-up and spin-down electrons 
leads to a difference in the resistance of the two types of electrons. 
The spin direction of an electron in a solid-state environment is not conserved due to 
spin-flip scattering on magnetic impurities. The characteristic length scale is the 
spin-diffusion length X, that is, how far an electron can travel in a diffusive conductor 
before it flips the spin. The polarisation relaxes to the equilibrium value: 
Pix) = P^jj +APe\pi-^). Here X. depends on the material and its quality (e.g. purity), 
and the dimensions are typically between a few nm and a few tens of nm for the 
ferromagnetic devices. The spin polarisation of ferromagnetic metals is defined as; 
a^. = —5; r (a T and a i are the spin-up and spin-down conductivity, respectively). 
(T T -H<T 4-
2.1.3.2 Two Current Model 
Generally there are different theoretical spin-polarised electron transport mechanisms, 
including the free electron model and the ab-inttio transport calculations etc. [43]. The 
appropriate formalism to describe the electron transport is determined by the transport 
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regime applicable to a given system, which usually depends on the characteristic 
physical length scale versus the size of the given system. 
One important length scale for the spin-dependent diffusive transport is the 
spin-diffusion length. As the spin-diffusion length in metals is usually much larger than 
the elastic mean free path, the transport can be described in terms of two independent 
spin channels. 
Spin FMl HM FP,12 S|Mn FMl NM FM2 
Fig. 2. 2. Sketch drawing of a spin valve with two ferromagnetic (FMt/FM2) layers separated by a 
nonmagnetic layer: electrons with spins parallel lu the magnetisation (low resistance state) are less 
scattered thati those with spins anliparallel lo the magnetisation (high resistance state). 
Mott's 'two current model' [44-46] has been utilised to describe the transport in 
ferromagnetic materials [23. 47-49] and the transport across the F/N interface [50], and 
to explain the CPP GMR effect [51]. 
This model assumes that the conduction electrons are divided into two spin channels: 
those with spins parallel to the magnetisation (majority) and those with spins 
antiparallel to the magnetisation (minority). Scattering rates for the two spin channels 
are very different due to different energy states at the Fermi level. As shown in Fig. 2. 2, 
in the antiparallel magnetic state (high resistance state), conduction electix>ns are much 
more scattered than in the parallel magnetic state (low resistance state). Thus the 
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mechanism of the GMR effect is related to spin-dependent (scattering) electronic 
transport in magnetic multilayers or granular films or, more precisely, the change in the 
scattering rate as the magnetic configuration changes with the external magnetic field. 
Spin-dependent scattering makes a large contribution to the resistance of a GMR 
system. 
The other critical element is the density of states. Due to the exchange interaction, the 
two channels are very different in the density of states, leading the difference in the 
mobility. One of the two channels shows high-mobility, while the other shows 
low-mobility. When an electrical current flows in a ferromagnetic metal, it is mediated 
primarily by the high-mobility channel, which creates the spin-polarised current. Thus 
ferromagnetic materials can be used as spin-polarised current sources in spintronic 
applications. 
2.2 Magnetoresistance Effect 
This section will give an introduction to some special magnetoresistance effects, 
including the spin-valve GMR effect with exchange-bias, current-induced switching of 
layers, domain wall magnetoresistance (DWMR), current-induced DWMR, ballistic 
magnetoresistance, and magnetoresistance in magnetic nanorings. 
2.2.1 Spin-valve GMR Effect 
The GMR effect has been found in the three different systems: multilayer systems, 
spin-valve systems and granular systems. In spite of the very high GMR measured in 
antiferromagnetically-coupled magnetic multilayers (Co/Cu and Fe/Cr etc.), they are not 
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the best materials for technological applications. This is due to the large magnetic fields. 
which are required to saturate the magnetisations of multilayers and to obtain a sizeable 
change in the resistance. As a consequence, the sensitivity, which is defined as AR/R 
per unit magnetic field, is very small. 
A search of low field GMR structures in which an antiparallel configuration of the 
magnetisations could be achieved in different ways, as compared to the 
antiferromagnetic interlayer coupling, resulted in the invention of pseudo spin valves 
(PSV) and exchange-biased spin valves (SV). 
Pseudo spin valves (shown in Fig. 2. 3 (a)) combine hard and soft magnetic layers with 
different coercivities, which are separated by a non-magnetic (NM) spacer layer. That 
the magnetisations of the soft and hard magnetic layers switch at different fields 
provides a field range in which they are antiparallel, showing a high resistance state 
[52-54]. Typical PSV structures are always trilayers; FM/NM/FM (FM=Fe, Co, CoFe or 
NiFe; NM=Cu, Au or Ag). PSV structures without the antiferromagnetic layer have 
been studied recently for applications in MRAM devices [55-60]. 
Exchange-biased spin-valve is the most successful type of spin-valve GMR structure 
(Fig. 2. 3 (b)), which is normally composed of four layers (FM1/NM/FM2/AF): a free 
layer (FMl), a non-magnetic spacer layer, a pinned layer (FM2), and an AF exchange 
pinning layer. 
The behaviour of an exchange-biased spin-valve is illustrated in Fig. 2. 3 (c-d). which 
show, respectively, the magnetisation curve and magnetoresistance curve measured at 
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room temperature, with a structure of Ni8oFe2o/Cu/ NisoFeio/FesoMnso [61]. 
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Fig. 2. 3. Schematic illustrations of (a) a pseudo-spin-valve and (b) a spin-vaive, (c) magnetisation 
curve and (d) magneioresistance curve of NiaoFe2o/Cu/ Ni8oFe2o/Fe5oMnso spin-valve [61]. HB is the 
exchange-bias field. 
2.2.2 Exchange Bias 
2.2.2.1 Introduction 
The exchange bias effect comes from the exchange coupling between a ferromagnetic 
layer and an antiferromagnetic layer [64], which is widely utilised to control the 
magnetisation in the multilayer structures, such as spin valves and magnetic tunnel 
junctions. In such systems, the magnetisation of one FM layer is fixed by the exchange 
bias (EB) at the FM/AF interface, while the other FM layer rotates fi-eely in an external 
magnetic field. 
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The exchange bias effect has two main characteristics. Firstly the MH hysteresis of an 
exchange-biased FM/AF bilayer is not symmetric about a zero magnetic field as shown 
in Fig. 2. 4 (b), and displays an obvious offset from a zero field, which is defined as the 
exchange coupling field and also described as the unidirectional anisotropy (KE). This 
leads to the energy function, WE= - KE COS8, where 9 is the angle between the 
magnetisafion direction of the FM layer and the preferred direction of the exchange 
anisotropy. Secondly, the coercivity enhancement in the pinned FM layer is usually 
observed. 
The exchange biasing effect is key to utilising spin-valve and MTJs for memory devices. 
In recent years, AF materials such as FeMn, IrMn, NiO, NiMn, PdPtMn and PtMn have 
been exploited as an exchange-bias layer for SV and MTJ systems. Only an introduction 
to IrMn and PtMn will be given here, since they are two of the best candidates for the 
AF layer in spin valves and MTJs. 
M 
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Fig. 2. 4. Easy-axis MH hysteresises of (a) a normal ferromagnetic system and (b) an 
exchange-biased FM/AF system. 
(a) IrMn 
So far, many researchers have reported properties of the exchange bias and thermal 
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stability of IrMn/FM structures. 
IrMn has been identified as a promising antiferromagnetic material due to its high 
exchange bias energy (Jk), high blocking temperature (TB), and low critical thickness 
(-7 nm). IrMn has a moderate pinning field (200 Oe - 400 Oe) in the as-deposited state 
or after a low temperature annealing. Thus IrMn appears to be a good candidate for the 
AF layer in spin valves and MTJs. 
(b) PtMn 
The best practical antiferromagnetic material for the exchange coupling used in the 
industry is PtMn with a high exchange coupling field, high blocking temperature of 
380 °C, even though it needs a magnetic field annealing to obtain an ordered phase. 
Compared with IrMn, PtMn has better pirming properties, but requires a high 
temperature annealing (> 270 °C), which is to facilitate a phase transition from the 
non-anti ferromagnetic fee (face-centred cubic) crystalline structure to the 
antiferromagnetic fct (face-centred tetragonal) structure. Such an annealing may 
degrade the magnetic properties of other layers of the GMR structure, which becomes 
worse with increasing the temperature. 
2.2.2.2 Main Characteristics of Exchange-biased FM/AF Bilayer: 
(I) Enhanced Coercivlties 
For an exchange-biased FM/AF bilayer, the coercivity He of the pinned FM layer is 
usually enhanced in comparison with that of the corresponding free FM layer [64]. The 
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He enhancement is linked to the anisotropy of the AF layer and the interfacial exchange 
coupling energy. The coercivity is also affected by the microstructure of the FM layer. 
(2) Blocking Temperature 
In most systems, the exchange bias decreases linearly with increasing the temperature. 
The exchange bias vanishes above a critical temperature, which is often denoted as the 
blocking temperature TB. 
(3) EB Dependence on FM Thickness 
For the majority of the systems investigated, it has been observed that exchange bias is 
roughly inversely proportional to the FM layer thickness. HE OC l/tpM, indicating that 
exchange-bias is an interface effect. However this relation is not valid for ultrathin FM 
layers, for which considerable changes are expected in the interface structure. 
(4) EB Dependence on AF layer Thickness 
For many systems it has been found that the exchange-bias increases with the AF layer 
thickness. Above a certain critical thickness, which is material dependant, the shift of 
the exchange bias is independent of the AF layer thickness. This exchange bias vanishes 
if the AF layer thickness is below a critical value, that is, the piruiing thickness. 
This behaviour suggests that the intrinsic anisoiropy of the AF has to be much stronger 
than the exchange interaction between FM and AF to induce the exchange bias. This can 
be expressed as: K.AdAFM S Jim. The AF anisotropy is represented by the anisotropy 
constant KA, and Jjnt describes the exchange coupling between FM and AF. 
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Furthermore, in other systems, a peak in the shift of the exchange bias is shown, as the 
AF layer thickness is decreased, before the effect finally vanishes for a very thin layer. 
This behaviour was theoretically predicted for the case of changes in the domain 
structure as the AF layer thickness is decreased [65]. On the other hand, for very thick 
AF layers, the EB effect has been tbund to decrease in some special systems. This can 
be attributed to considerable changes in the microscopic structure of the AF with 
increasing thickness. 
2.2 J Current-induced Switching of Layers 
The recent discovery of the spin-transfer torque effect [32, 66-77] has attracted much 
attention due to the novel physics and potential application in MRAM. 
It has been seen IVom the GMR etTect that the relative orientation of the magnetisations 
of FM layers affects the electric current, causing different resistances for different 
magnetisation configurations. The reverse effect that a spin-polarised current can affect 
the magnetic moment of a layer has also been theoretically predicted [32,66, 78-79] and 
experimentally demonstrated [68-69, 76]. In the perpendicular transport geometry, the 
spin-polarised current may transfer angular momentum between layers, resulting in 
current-driven excitations in magnetic multilayers, which can be either the 
magnetisation reversal, or the generation of spin waves [76], The reversal of the 
magnetisation here is due to the interaction between the magnetisation and the spin 
accumulation in a direction perpendicular to the magnetisation. 
These effects have been experimentally studied by various groups on very narrow 
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multilayer pillars, typically between 150 nm and 60 nm in the lateral dimension [69-73, 
80-81]. The structures investigated normally consist of simple sandwiches comprising a 
nonmagnetic space layer separating a thick magnetic layer and a thin one (typically Co 
20 nm/Cu 4 nm/Co 4 nm). The thick Co layer serves as the '"fixed layer," whereas the 
thin Co layer is the ""iree layer". The current through each layer is preferentially carried 
by the majority electrons leading to a spin-polarised current. The spin-polarised current 
exerts torques on the layers whenever the magnetisations of the FM layers are not 
coUinear. Depending on the polarity of the current injected perpendicularly through the 
trilayer, the free layer can be switched between parallel and antiparallel alignments 
relative to the fixed layer, resulting in a hysteretic dependence of the resistance on the 
current via the MR effect in low fields. In high fields, the observation of a peak in the 
differential resistance for only one current polarity in Co/Cu/Co trilayers and Co/Cu 
multilayers is generally regarded as a sign of spin precession [68-70]. 
In a single ferromagnetic layer without the GMR effect, the STT effect was first 
observed by Myers [69]. Then Ji et al. [74] observed peaks in the differentia! resistance 
with a large field applied perpendicularly to a Co film. Guided by the prevailing 
interpretation of experiments [70-71], such signatures in both single-layer and 
multilayer systems were interpreted as spin wave excitations. 
The great interest in the phenomenon of the current-driven excitations in magnetic 
mulfilayers lies both in trying to understand the underlying physics and in its potential 
applications: magnetisation reversal for the magnetic storage and spin-wave generation 
for the production of high frequency radiation. For present magnetic devices, the 
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magnetic moments are reversed via externally generated magnetic fields, which are 
complex and high energy-consuming. The reading/writing processes would be much 
simplified by applying a polarised current through the magnetic layer itself Generally 
the magnefisation reversal by spin-transfer requires a high current density, Jc 
~10'A/cml 
The Co/Cu/Co CPP-GMR nanopillars show Jc in the range of lO^-lo" A/cm^ depending 
on the structure, and exhibit MR ratios of 0.5%-5%. Similar research has also been done 
using MTJ nanopillars. The AlOx-based MTJs have Jc similar to CPP-GMR pillars and 
exhibit MR ratios of iO%-30% [82-85]. The MgO-based MTJs have been shown to 
exhibit a high MR ratio of 130% with Jc in a wide range of 8xlO'-2xlO^ A/cm" [86-90]. 
The current density must be reduced by at least an order of magnitude before this effect 
could be considered for practical applications, such as STT-RAM [91-92]. To realise the 
production of Gbit-scale STT-RAM devices, Jc needs to be reduced to about 5x10^ 
A/cml 
2.2.4 Domain Wall Magnetoresistance 
A domain wall (DW) is the interface between uniformly magnetised regions (domains) 
with different magnetisation directions. The magnetic configuration, which consists of 
oppositely magnetised ferroma^etic domains separated by domain walls, closely 
resembles that of a magnetic trilayer, i.e. two regions of oppositely pointing 
magnetisations separated by a thin non-magnetic spacer (shown in Fig. 2. 5). So it was 
predicted that a chemically homogeneous thin ferromagnetic film might also exhibit the 
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MR effect. 
The interplay between the electron transport through domain walls and the magnetic 
properties of ferromagnetic nanowires and point contacts has become a major research 
area. This interest has been stimulated by the investigation of the tiindamental physical 
properties behind this phenomenon and the promising applications. It is possible to find 
a giant magnetoresistance at room temperature, e,g. Ballistic MR, as discussed in the 
previous chapter, which has the potential for applications in high-density HDD read 
heads and magnetic sensors. Recently Dr. Stuart S. P. Parkin announced the 
next-generation nonvolatile memory "RaccTrack" utilising the control of magnetic 
domain walls along ferromagnetic nanowires [35]. 
(a) > (b) 
Fig. 2. 5. Schematic illusiration of the similariiy in the magnetic geometry between (a) an 
antiferromagnetic aligned GMR trilayer and (b) a ferromagnetic domain wall. 
The domain wall width in bulk ferromagnetic materials is much larger than the electron 
mean free path, so scattering by the domain wall is weak. As the DW becomes as small 
as the size of the constriction, as theoretically proposed by Bruno [10], the mean free 
path becomes much larger than the DW width in ferromagnetic nanocontacts, which 
may lead to a large domain wall magnetoresistance (DWMR). 
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If a DW is trapped in the nanocontact region, when the magnetisations at the two sides 
of the nanocontact are antiparallel, the polarised electrons will not be able to 
adiabatically traverse the very sharp domain wall, and will thus suffer strong scattering 
resulting in a high resistance. In the parallel state, the electrons do not suffer domain 
wall scattering, corresponding to a low resistance. 
The complex mechanism of DWs in nanoscale thin film elements is not yet well 
understood. The exact nature of the domain wall resistance is highly controversial, and 
there is hardly any agreement in the magnitude and sign of the effect. Here we briefly 
review the important theories that predict a positive or negative contribution of the DW 
to the electrical resistance if the DW is thin enough compared to the Fermi wavelength 
of the conduction electrons. 
Three widely cited models that predict a positive DWMR are those of Cabrera and 
Falicov [93-94], Levy and Zhang [95] and Brataas et al. [96]. The Cabrera-Palicov 
model of DW scattering considers the reflection of incoming electrons by the effective 
potential created by the rotating magnetisation (and hence an internal exchange field) 
within the wall. The Levy-Zhang model of DW scattering considers spin-dependent 
potentials and scattering rates, namely potentials and electron relaxation times that are 
different for spin up and spin down (majority and minority) electrons in the 
ferromagnets. The third model, proposed by Brataas et al., considers both ballistic and 
diffusive transport through a DW. 
There are also models that predict an intrinsic negative DW contribution to resistance. 
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Tatara and Fukuyama considered the effect of the DW on weak localisation [9]. Weak 
localisation is pronounced in low-dimension disordered systems and arises due to 
quantum interference, which enhances electron backscattering and the resistivity. The 
second model by Gorkom et al. found that the DW could be the region of enhanced 
conductivity, when the electronic structure of the DW is taken into account 
semi-classically [97]. Kent and Ruediger have proposed another mechanism by which 
the interplay between the surface scattering and the electron orbital motion within 
domains may reduce the resistivity [98]. 
2.2.5 Current-induced Domain Wall Magnetoresistance 
The study of domain wall magnetoresistance by use of current-induced domain wall 
propagation has recently been focused on ferromagnetic nanowires and stripes with 
constrictions [99-105]. Single layer ferromagnetic wires patterned with 
nanoconstrictions can be used to trap the domain wall. By varying the measurement 
current, the domain wall is unpinned from the constriction by current-induced domain 
wall motion at a critical current depending on the material used. The difference in 
resistance between the two states when a domain wall is present at the constriction and 
when it is removed is used to obtain a direct measurement of the DWMR contribution. 
This effect can also be used to switch the magnetic configurations of patterned 
spin-valve stripes with constrictions [101, 104, 106]. By trapping a domain wall at the 
constriction and subsequently removing it by increasing the measurement current, the 
spin-valve magnetic configuration is switched between the antiparallel and parallel 
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states, resulting in a sharp change of the magnetoresistance. Similar work has also been 
reported in patterned ring-shaped structures [107], 
Switching by the domain wall motion [108] induced by the spin-polarised current rather 
than by an external field is a promising approach to the switching of magnetic 
nanostructures, since it brings simple fabrication processes, combined with the 
possibility of achieving fast and reproducible magnetic switching [102, 106-107, 
109-110]. 
There are three origins of the interaction between a DW and an electrical current: the 
hydromagnetic drag force, which arises from the Hall effect and is not significant for 
very thin films [111-112], the current-induced field (Oersted field) and the spin transfer 
by s-d interaction if the current is spin polarised. The last effect {also called 
current-induced domain wall drag) has been predicted by Berger [113-114], and has an 
origin similar to the spin transfer mechanism found in magnefic multilayered structures: 
electrons transfer angular momentum lo the domain wall when passing through it, 
pushing it in the direction of the electron flow [114]. It arises fi^m the s-d exchange 
interaction between the spin-polarised electrons carrying the current and the local 
moments. The s-d interaction exerts a torque on the spins of the conduction electrons 
passing through a DW and rotates the polarisation direction of the current. Inversely, the 
spin-polarised current exerts an s-d exchange torque on the DW magnefisation, resulting 
in the domain wall mofion. The DW drag by spin transfer can be significant if the DW 
is thin enough, in which the conduction electron spins cannot completely follow the 
local magnefisation direction. Berger [115] and Gan et al. [116-119] have demonstrated 
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this effect in thin magnetic films by injecting high dc current pulses and observing the 
displacement of domain walls by Kerr microscope and MFM, respectively. In these 
experiments the order of magnitude of the current pulses needed to move the DW is 
-lO^-lO^AVcml 
2.2.6 Ballistic Magnetoresistance 
2.2.6.1 Definition of Diffusive or Ballistic Regime 
If the Fermi wavelength Xf or the atomic diameter becomes comparable to sizes 
(diameters) d of the point contacts, they are called atomic-sized point contacts. When it 
comes to the mean tree path, we have to differentiate between elastic and inelastic 
scattering. Generally the elastic mean free path (LO is smaller than the inelastic one (Ij). 
Here the inelastic mean free path is the path an electron travels between two inelastic 
scatterings. If the contact size d is much smaller than either of the mean free paths d « 
U, li, the regime is called the ballistic regime, as shown in Fig. 2. 6. In this case, the 
electron travels through the point contact without any scattering (except for the 
reflection on the domain wall). On the other hand, if d»lc, Ij, the electron travels in the 
diffusive mode in the contact, and accordingly the regime is called the diffusive regime. 
diffusive ^ ' ballistic 
Fig. 2. 6. Schematic diagrams of diffusive and ballistic regimes. 
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2.2.6.2 Ballistic Magnetoresistance 
In the ballistic regime, a particular MR effect arises when the electrons are made to flow 
through ID-like channels formed in atomic size constrictions. Recently, Garcia reported 
MR in Ni and Co nanocontacts of over 200%, which they later extended to 700% and 
1000% at room temperature [I]. In the nanocontacts the electron mean free path is 
assumed to be longer than the nanocontact size. The regime of electron transport is 
considered ballistic, thus the MR is called "Ballistic Magnetoresistance" (BMR). 
Practical applications require nanocontacts to be fabricated into a planar geometry, and 
two different planar geometries are always used in related research, as shown in Fig. 2. 
7. Much work has recently been done in this area [4. 120-123]. 
Ni 
(«> (U 
Fig. 2. 7. (a) Parallel geometry and (b) perpendicular geometry used in BMR research [I]. 
A possible explanation for the BMR effect is non-adiabatic spin scattering across 
nano-sized sharp domain walls. More recently, small contacts have been obtained by 
electrodepositing Ni between two Ni tips. Several groups have reported very large MR 
[11-12, 124-129] with a record value of 100000% [12]. In these systems, the contact is 
larger than 10 nm, thus the domain wall scattering cannot account for the 
magnetoresistive etTect. A possible explanation is that a dead layer about 1 nm thick 
forms just at the contact, due to the electrodeposition process, and acts as the 
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non-magnetic spacer of a CCP GMR trilayer [130]. Another possibility is that some 
oxygen ions are trapped at the contact. According to electronic structure calculations 
[131], Ni ions would induce a very large local spin polarisation to the oxygen, which 
would therefore be responsible for the very large BMR values. These two possible 
explanations are controversial. Alternative mechanisms involving magneto-mechanical 
effects that could lead to similar results have been overlooked, which throws doubt on 
the accuracy of BMR in planar structures 1132]. 
2.2.7 Magnetoresistance in Magnetic Nanorings 
2.2.7.1 The Best Candidate for MRAM Application 
Understanding and controlling spin configurations and magnetisation processes of 
nanoscale magnetic elements have received considerable attention recently. This is not 
only due to the fact that these structures allow for the investigation of fundamental 
physical properties, such as the pinning and structure of domain walls at notches or 
constrictions, and the MR effect associated with domain walls, but also due to the 
potential applications, such as MRAM, magnetic logic and sensor devices [60, 133-136]. 
One key issue for these applications is to understand and precisely control the magnetic 
switching. To achieve this, one first needs to have well-defmed magnetic states, and 
secondly the switching process needs to be simple, fast and reproducible, and also 
shows a narrow switching field distribution. 
Any promising MRAM devices should have a high storage density. However, a 
high-density arrangement enhances the effect of the stray field between adjacent 
memory cells, which decreases the uniformity of the switching field of the free layer 
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[ 137] in spin-valve or MTJ cells. 
So far, magnetic switching mechanisms of various geometries, such as squares 
[138-139], wires [140-141], rectangles [142-144], needles, cylinders, truncated cones 
and disks [137, 145-146], have been studied, but it was found that their magnetic states 
are hard to be controlled with complicated domain structures and switching processes, 
due to edge roughness and shape fluctuations, 
An altemative geometry is the circular element, which forms a vortex state at 
remanence, which minimises the role of the edge effect. However, it was found that the 
vortex state is only stable for disks with diameters larger than ~ 100 nm, depending on 
the material used and the film thickness [137]. Furthermore, the formation mechanism 
of the vortex state is complex and hard to control, and it has a broad switching field 
distribution [133]. 
In order to avoid such effects, a special MRAM memory design was proposed based on 
a ring-geometry magnetic multilayer [133]. There are at least two advantages of using a 
ring structure. The vortex state with closed magnetic flux in the ring structure can 
substantially reduce the exchange energy and minimise the stray field. Therefore, 
elements can be fabricated very close to each other, achieving an ultrahigh density. The 
ring structure also has less edge roughness, leading to a narrow switching field 
distribution and good switching reproducibility. The critical size above which the vortex 
state is stable is smaller for a ring structure than for a disk structure. Therefore, 
higher-density MRAM can be achieved in ring structures. 
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Additionally ring structures are well suited for the investigation of fundamental 
magnetic properties, including domain wall trapping, magnetisation reversal, and the 
influence of the geometry and the thickness on the switching field. 
2.2.7.2 Magnetisation States and Switching Processes 
(1) Magnetisation States 
Ring structures can be controlled to display different stable magnetisation states. In 
narrow magnetic rings, MR and magnetisation measurements, imaging techniques and 
micromagnetic simulations suggest the existence of two magnetic states [147-148]: the 
flux-closure "vortex" state and the "onion" state. The vortex state occurs when domain 
walls disappear and the magnetisation runs continuously throughout the ring 
circumference, and almost no stray field is generated. The onion state is characterised 
by 180° head-to-head /tail-to-tail domain walls. 
The two different states come from the competition between the magnetostatic energy 
and the exchange energy, and depend on the type of magnetic materials and are a 
function of geometric parameters, e.g. ring shape, ring thickness, ring width, and ring 
diameter. In the transition between different magnetic states, the anisotropy plays an 
important role. 
For example, narrow rings have vortex states that are more stable [149-150]. In a wide 
ring, a stable vortex state and a metastable near single-domain state were found during 
the magnetisation reversal. The narrow and wide rings have distinct characteristics: for 
instance, the wide ring undergoes a process of local vortex nucleatJon before evolving 
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into the vortex state, whereas the narrow one reaches the vortex state without a 
nucleation process. 
For applications such as data storage devices, the diameter of the ring has to be scaled 
down to achieve a high density while maintaining the magnetic characteristics. However, 
it has been found in the micromagnetic simulation that as the lateral size of the rings is 
reduced, the vortex state becomes more and more unfavourable due to the increasing 
curvature of the ring, which results in an increasing exchange energy. Since the stray 
field-free vortex state has been suggested for the application in data storage, it is highly 
important to establish whether the vortex state can be maintained when the lateral 
dimension is reduced. 
(2) Switching Processes 
Generally, depending on the geometric parameters (ring thickness, shape, width and 
diameter), rings exhibit different switching behaviours, which might be a single 
switching process (the onion state to the reverse onion state), a double switching 
process (the onion state to the vortex state and then to the reverse onion state), or a triple 
switching process including a vortex core state [148, 151-152]. 
The stability of the vortex state depends on the geometric parameters of the ring 
structures [152-153]. In wide and thin rings, a direct transition from the onion state to 
the reverse onion state is favoured. In considerably wide rings, a complex multi-step 
switching process with the presence of the vortex core state occurs [154]. 
In addition, the switching process is dependent on the pinning of the head-to-head/ 
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tail-to-tail domain walls due to edge rougliness and other defects. In order to control the 
switching precisely, notches are introduced as artificial pinning sites along the ring 
circumference. Micromagnetic simulations show not only that two possible vortex states 
are attained during a complete hysteresis cycle, but also that by choosing the notch size 
and the position as well as the applied field direction, the circulation direction of the 
vortex state can be controlled [147], which is either clockwise or counterclockwise. The 
two chiralities of the vortex state have been proposed as the carriers for the information 
stored in high-density MRAM devices. With notches, one is also able to tune the 
switching of the rings ft"om an onion state into the desired vortex state, as required for 
the MRAM application. 
2.2.7.3 Research Tools and Measurement Methods 
Several methods have been used to measure the magnetisation reversal collectively 
from an array of ring structures, including ihe magneto-optical Kerr effect (MOKEJ 
[147-148, 152, 155], photoemission electron microscopy (PEEM), magnetic force 
microscopy (MFM) and superconducting quantum interference device (SQUID). 
However, because of the sample-to-sample variation, the collective result does not 
necessarily reflect the behaviour of an individual ring. Some techniques such as AMR 
measurements, scanning electron microscopy with polarisation analysis (SEMPA), and 
Lorentz microscopy, as well as MFM and PEEM, can be used to probe the magnetic 
reversal of an individual ring. 
The AMR measurement is a very efficient method for research on a single ring structure. 
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Since the MR is dominated by the AMR effect in a ring structure, a maximum resistance 
should be found if the magnetisation is parallel (or antiparallel) to the current. The MR 
becomes lowered if the local magnetisation rotates away from the direction of the 
current, which corresponds to a domain wall present in rings, where some magnetisation 
components are not parallel to the current. 
AMR measurements of ring elements can be taken by making contacts to them with 
nonmagnetic leads. NiFe single-layer rings with diameters in the micron range and 
widths of 100 nm and above have been studied by AMR measurements [156-160]. In 
these rings the AMR shows the maximum when the ring is in the vortex state, because 
the magnetisation is everywhere parallel to the current direction. Transitions between 
the onion and vortex states cause relative resistance changes around 0.1% at room 
temperature [149], and the domain walls existing at remanence in single-layer rings can 
be positioned and detected using external fields or current pulses [161]. 
2.2.7.4 Multilayer Nanoring Structures 
To date, considerable studies of the magnetisation reversal in NiFe or Co single-layer 
rings with outer dimensions from -100 nm to a few microns have been carried out. 
Since Zhu ct al. achieved robust magnetic switching in the multilayer GMR rings with 
enhanced MR response [162], there has been recent interest in the magnetisation 
reversal in ring-shaped multilayer structures, e.g. spin-valve NiFe/Cu/Co/lrMn rings, 
pseudo-spin-valve NiFe/Cu/Co rings [163-170], and MTJ rings [171-172], In the 
spin-valve rings, the free layer shows a switching mechanism different from that of 
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single-layer rings, which is caused by the strong interlayer magnetostatic coupling. As a 
result, they present asymmetric minor MR curves with large shifts. Although the onion 
state still exists, normally a vortex state in the free layer can only be observed when the 
reference layer is in the vortex state [163-164. 167-169], which eliminates the interlayer 
magnetostatic coupling. 
In the ring-shaped MTJ [171] Chen et al. found several common domain states, 
including the onion state and the vortex state, which are similar to what they observed 
in single-layer NiFe rings. The magnetostatic coupling also exists in MTJ rings, but 
does not affect the magnetic transition, which is different from the behaviour of the 
spin-valve rings. A size dependence of the magnetisation transition process was seen in 
MTJ rings. 
Compared with single layer ring elements, ring-shaped multilayer structures, such as 
spin-valve and MTJ structures with higher MR ratios, provide a more sensitive way of 
investigating the magnetisation configurations in the free and pinned layers. Such 
structures with more domain states (the state combinations in two magnetic layers) are 
very attractive for spintronic applications such as memories or logic devices that require 
multiple stable resistance levels [172]. Generally for these multilayer structures, the 
magnetic layers may be coupled through the magnetostatic interactions, resulting in a 
change of the switching field of the free layer. This leads to a shift of the minor MR 
curve along the field axis. 
Thus it is essentia! to investigate the effect of the magnetostatic interactions on the 
53 
magnetic switching in ring-shaped multilayer structures. The main magnetostatic 
interactions come from two mechanisms, the Neel coupling and the interlayer 
magnetostatic coupling. The N^el coupling due to the interface roughness is 
independent of the feature size [173-174]. The interlayer magnetostatic coupling is 
caused by the stray field from the domain walls and the edges of neighbouring magnetic 
layers [175] and it increases with a decrease in the feature size [176]. For a patterned 
device, the interlayer magnetostatic interaction field can be approximated by the 
demagnetisation field of the pinned layer acting on the free layer, which is estimated by 
the formula H^ -~ CM^t IL , where L is the length of the patterned device, and Ms, t 
and C are the magnetisation, thickness of the pinned layer and the proportional 
coefficient, respectively [177-179]. So the magnetostatic coupling field is proportional 
to the product of the thickness and the saturation magnetisation of the pirmed layer 
[180]. As a result, this coupling field is much reduced in the SAF structure due to the 
decreased net magnetisation and a smaller effective CoFe thickness [181-182]. 
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Chapter 3 Research Techniques 
3.1 Experimental Techniques 
Introduction 
Our micro fabrication is based on the combination of magnetron film deposition, 
photolithography and ion-beam milling. In terms of nanofabrication, there are two key 
techniques, e-beam lithography (EBL) and focused-ion beam (FIB), which are able to 
fabricate CIP and CPP devices with nanoconstrictions down to 20 nm in our research. 
The magnetic and electrical transport properties of the structures, including MR curves 
as well as I-V characteristics, were detected by four-point probe measurement. In 
addition, a vibrating sample magnetometer (VSM) was used to measure M-H hysteresis 
loops. Atomic force microscopy (AFM) was often utilised to accurately measure the 
dimensions of the structures, thickness and surface roughness of thin films. 
3.1.1 Thin Film Deposition 
3.1.1.1 Magnetron Sputtering 
Magnetron sputtering is a physical vapour deposition (PVD) technique, which is widely 
used for the deposition of magnetic as well as dielectric films. 
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Fig. 3. 1. Schematic image of a magnetron sputtering system. 
For the magnetron sputtering, the deposition source takes the form of an electrode to 
which a high negative voltage is applied. The deposition chamber is filled with very 
low-pressure Ar gas, which is ionised by the voltage, forming the glow discharge 
plasma. Permanent magnets behind the electrode form a toroidal field {see Fig. 3. 1), 
which confines the plasma in a ring close to the target surface. Positive Ar ions in the 
plasma are attracted towards the target by the applied negative voltage and strike it with 
a kinetic energy of several hundred eV. The powerful impact knocks atoms out of the 
target. The sputtered atoms are neutrally charged and so are unaffected by the magnetic 
trap. 
Fig. 3. 2. Nordiko 9550 DC/RF sputtering system. 
When high-energy electrons collide with neutral Ar atoms, they can knock more 
electrons out of the atoms, resulting in the creation of more positive Ar ions. These 
positive ions are attracted to the target surface and the whole sputtering process keeps 
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going. As the electrons are trapped by the magnetic field, the path length and the degree 
of ionisation are increased. This increased ion density close to the target surface 
produces a high deposition rate. 
Our sputtering facility, a Nordiko 9550 DC/RF sputtering system, is capable of 
processing sixteen 4-inch wafers per vacuum cycle, and contains 6 targets and a load 
lock, as shown in Fig. 3. 2. The base pressure of the Nordiko 9550 is below 3x10" Torr, 
which is very important to produce very smooth and dense films for spin transport 
studies. This fully computer-controlled system makes the deposition process very 
precise and reproducible. 
3.1.2 Microfabrication Techniques 
3.1.2.1. Mask Aligner 
Fig. 3. 3. OAl 500 mask aligner. 
A mask aligner normally uses ultraviolet (UV) light as the exposure light source to 
lithographically transfer mask patterns onto the resist-coated wafer. 
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Our OAI 500 high-resolution mask aligner (shown in Fig. 3. 3) is a contact mode mask 
aligner. This is a high-performance mask aligner developed for ultra-precise, submicron 
level-to-level alignment lithography, in the contact mode, the mask is pressed against 
the resist-coated wafer during exposure and the radiation trom a high intensity UV lamp 
is used to expose the photoresist on the wafer. 
This tool is very essential for the mix and match between UV photolithography and 
e-beam lithography processes to achieve micron- and nano-sized devices in our research. 
The minimum feature size of this too! is - 0.8 nm. 
3.U.2. Lift-ofr 
The basic procedure of lift-off/film deposition technique is shown in Fig. 3. 4. For the 
mask aligner system, UV light is shone through a mask to expose the pattern in the 
photoresist. After pre-baking, the exposed photoresist is developed in the 351 developer 
and gets the appropriate size of the undercut. Following post-baking, the thin film is 
deposited by using our sputtering deposition system. Lastly 1165 remover is utilised to 
remove the photoresist and thin films above it. If need be, ultrasonic agitation in heated 
1165 remover can be applied. In addition, oxygen plasma treatment is good at removing 
residual resist 'ears' at the edge of the micro/nano-structures. 
Fig. 3. 4. Schematic illustration of lift-oH7tiIni deposition technique: {!) coal and pattern photoresist, 
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(2) deposit thin films of desired materials, (3) swell photoresist with a solvent, {4) remove 
photoresist and thin films above it. 
1 2 
Fig. 3. S. Schematic illustration of film depostlion/ion milling technique: (I) deposit thin tilms, (2) 
coal and pattern photoresist, (3) etch films using photoresist as the mask, (4) remove photoresist. 
3.1.2.3. Ion Milling 
In addition to lift-off/film deposition technique, the film deposition/ion milUng 
technique (shown in Fig, 3. 5), is also very important for the fabrication of micron-scale 
devices. Our CVT Ion Miller (Ar*) is used to transfer the mask pattern into thin-film 
samples. After the resist is patterned, ion milling is used to physically etch away the 
unwanted areas of the film. Ar milling is a physical process, which involves no 
chemical reactions with samples. 
3.13 Nanofabrication Techniques: 
3.1.3.1 Focused Ion Beam 
3.1.3.1.1 Introduction 
Planar nanoconstrictions in ferromagnetic wires have been fabricated by several 
different methods including mechanically controllable break junction (MCBJ) [183], 
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self-terminating electrodeposition [184] and e-beam lithography. While the first method 
allows one to study very narrow wires, it usually leads to mechanically unstable 
structures. In electrodeposited nanocontacts, people have found a number of artefacts 
due to magnetostrictive, magnetostatic, and magneto-mechanical effects that can mimic 
BMR [132]. Although it is possible to produce 10-nm feature in resist with e-beam 
lithography, the transfer of the feature into a thin ferromagnetic film is not a 
well-established process yet. 
A technique, which has recently become the focus of interest, is direct patterning by FIB 
milling [185]. FIB was mainly developed during the late 1970s and early 1980s, and the 
first commercial instrument was introduced over a decade ago [186]. Modern FIB 
systems are widely available in semiconductor research and processing environments. 
In a modem FIB system, the ion-beam ejected from a liquid Ga* ion source, focused 
with a spot size £10 nm, is scanned across a sample in a manner analogous to the 
scanning electron microscope (SEM). The main applications arise irom the use of Ga^ 
ions as the scanned species. These include composition imaging, direct etching of 
material, nanofabrication, and localised deposition and implantation of semiconductor 
or metal structures. What interests us in this technique is that Ga^  can be used to mill 
semiconductors or metals, and thereby pattern them into the desired shape [185, 187]. 
The unique combination of sub-IO nm resolution imaging with the ability to remove 
material in selected areas provides an ideal way of nanofabrication, which would 
otherwise be impossible, especially for sub-IO nm nanoscale structures. The directly 
etching ability of FIB removes extra patterning steps required in the e-beam lithography. 
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Additionally, Ga* ions, which are many orders of magnitude heavier than electrons, are 
substantially less susceptible to the stray field, which is critical for the nanofabrication 
of magnetic samples. 
Apirtura 
•fld Swletr 
Fig. 3. 6. Schemalic diagram of a FIB ion column [188]. 
FIB systems effectively combine together a scanning ion microscope and a precise 
milling system. By scanning the ion beam over a specimen and collecting ion 
beam-induced secondary electrons or ion signal, a surface image is formed. The position 
for a milled pattern can be selected from the image taken, and then the structure can be 
cut using Ga* ions. 
As shown in Fig. 3. 6, the structure of the ion column is similar to that of SEM, and the 
major difference is that an ion beam is used instead of an electron beam. An ion beam is 
emitted from a liquid metal ion source by the application of a strong electric field. 
Normally people use a Ga* ion source because of its stability, simplicity and the fact 
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that the Ga^ ion beam gives good sputtering yields. 
For related FIB nanofabri cation in this thesis, we used an FIB system from Hamburg 
University {Fig. 3. 7). The beam current can be varied over a broad range, allowing for 







Fig. 3. 7. (a) Schematic image and (b) real image of Hamburg FIB system [189], 
The Hamburg FIB system has the following features and characteristics: 
-HI 
• UHV 4 X 10 ' mbar (ion getter-pumps) 
Cross beam-system, FIB on top 
CANION 31 Plus UHV-FIB by Orsay-physics 
Spin-detector for SIMPA (scanning ion microscopy with polarisation analysis) 
JEOL J AMP-30 SEM column, 58° tilt to normal 
High - precision JEOL - stage {motorised) 
Active vibration damping 
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• Lab with the magnetic-compensation system 
Sample size: 20 mm x 20 mm 
3.1.3.1.2 Implantation Damage 
FIB imaging inevitably induces some damage to the sample. Most Ga* ions enter the 
sample after arriving at the surface, leading to the local implantation of Ga* ions. The 
depth of the implanted area is related to the ion energy and the angle of incidence. The 
Ga* implantation leads to a high level of surface impurities, and is detrimental to the 
magnetic properties of the magnetic films In our research. 
To produce nanostructures without any modifications of the magnetic properties of the 
underlying material, it is necessary to minimise Ga" implantation. It was found that a 






Liquid Ga source 
5 - 30 kV 
<20nm 
1 pA — 50 nA 
500 ^m X 500 \im 
Table 3. 1. Operating parameters of the Hamburg FIB system. 
Also, we have tried varying the ion-beam parameters, Including accelerating voltage, 
beam current etc. to minimise the effect of Ga' implantation. The operating parameters 
of the Hamburg FIB system were given in Table 3.1. 
63 
3A3.2 E-beam lithography 
3.1.3.2.1 Introduction 
Electron beam lithography (EBL) is based on the principle that some macro-molecule 
polymers, e.g. PMMA, are sensitive to electrons and can be patterned by electron 
exposure. EBL is carried out by scanning an electron beam in a certain pattern across a 
resist-covered surface (resist exposure), and selectively removing either exposed or 
non-exposed regions of the resist (resist developing). The purpose is to create extremely 
fine structures in the resist, which can subsequently be transferred into another material. 
The primary advantage of electron beam lithography is that it is one of the ways to 
avoid the diftraction limit of light and make submicron or nanoscale patterns. This has 
been realised due to the very small wavelength of the electron beam whereas the 
resolution in photolithography is limited by the wavelength of UV light. 
This kind of maskless lithography has been widely used in mask-making for 
photolithography, small-quantity production of semiconductor components, and 
research in the nanometre regime. 
On the other hand, the critical limitation of electron beam lithography is throughput, i.e., 
the very long time it takes to expose an entire wafer. A long exposure time leads to 
beam drift or instability during the resist exposure. 
3.1.3.2.2 E-beam Lithography Nanofabrication 
In our research, some nano-scale thin film devices were fabricated with electron beam 
lithography at the Rutherford Appleton Laboratory. 
The fabrication started with a silicon wafer. A 70nm thick LOR layer was first coated 
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and pre-baked in an oven at 180°C for 20 minutes, A second resist layer, 70 nm thick 
PMMA {MW 350k), was then spin-coated and baked in the oven at 180°C for 1 hour. 
Electron beam direct writing was carried out with a high-resolution vector beam writer 
(Leica Cambridge VB6) at 100 kV beam energy and 500 pA beam current. The e-beam 
exposed resist was developed in a mixture of MIBK: IPA {1:3) for 60 seconds. The 
exposed PMMA layer defined the shape and dimension of the devices. The LOR resist 
in the opened area was then dissolved in CD26, an aqueous alkali solution, creating a 
clear undercut beneath the PMMA layer. 
Thin films were then deposited by a sputtering deposition system. The lift-off process 
was carried out by soaking the sample in II65 stripper. The second lift-off photoresist 
bilayer (LOR/1805) was then spin-coated. Using a mix-and-match technique, four 
contact electrodes made of 5nm Ta/200 nm Cu/5 nm Ta thin films were formed to 
connect the central part of the device by photolithography using the alignment marks 
patterned during the EBL exposure. 
3.1.3.2.3 Optimisation of EBL Nanofabrication 
Initially we started the first level lift-off with a single PMMA resist, which turned out to 
be unsuccessful. A LOR/PMMA bilayer was then introduced in the lift-off process. For 
the bilayer lift-off process, in the beginning we encountered difficulties in the complete 
removal of the resist along the edges of the nanoconstrictions, as shown in Fig. 3. 8 (a). 
This problem was largely resolved by optimising the lift-off procedure. 
Nanoconstrictions with the minimum feature size of 30 nm have been successfully 
fabricated (see Fig. 3. 8 (b)). 
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Fig. 3. 8. (a) AFM image of a nanoconstriction showing the residual photoresist at the edge of the 
device, and (b) SEM image of a nanoconstriction device showing much cleaner edges. 
3.1.4 Device Characterisation 
3.1.4.1 Vibrating Sample Magnetometer 
A vibrating sample magnetometer (VSM) is an instrument that measures magnetic 
properties of magnetic materials as a fiinction of magnetic field, temperature, and time. 
The VSM has become a widely used instrument since the invention of this experimental 
technique in 1956 by Simon Foner [190]. 
3.1.4.1.1. Principle of the VSM 
If a magnetic sample is placed in a uniform magnetic field, created between the poles of 
an electromagnet, a dipole moment will be induced. The magnetic dipole moment of the 
sample will create a magnetic field around the sample, which is sometimes called the 
magnetic stray field. As the sample vibrates up and down with sinusoidal motion, this 
stray field changes as a tuncfion of time and a sinusoidal electrical signal can be 
detected by a set of pick-up coils according to Faraday's Law of Electromagnetic 
Induction. The signal has the same frequency of vibration, and its amplitude will be 
proportional to, the magnetisation of the sample, and relative posifion with respect to 
the pick-up coils system. 
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For a VSM system, a small sample (-0.5 cm by 0.5 cm) is fixed in a special sample 
holder located at the end of a sample rod mounted in an electromechanical transducer. 
The transducer is driven by a power amplifier which itself is driven by an oscillator at a 
fixed frequency, e.g. near 80 Hz. So, the sample vibrates along the Z-axis perpendicular 
to the external magnetic field. This vibration induces a signal in the pick-up coil system 
(shown in Fig. 3. 9) that is sent to a differential amplifier or tuned amplifier and a 
lock-in amplifier that receives a reference signal supplied by the oscillator. The various 
components are connected to a computer interface. The output of this lock-in amplifier 
is a DC signal proportional to the magnetisation of the sample being studied. 
Fig. 3. 9. Schematic image of pick-up coils of a VSM system. 
3.1.4.1.2. Our VSM System 
Our VSM system (Fig. 3. 10) was originally constructed by Mr, Khew Joong Hamn, a 
final year undergraduate project student. The sensitivity of this system has been 
improved recently, and can now provide precise magnetic measurements such as 
magnetisation hysteresis loops as a fiinction of angle and field for very thin magnetic 
film devices. 
The VSM system consists of six major parts, as shown in Fig. 3.11: 
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1. Water-cooled electromagnets and power supply 
2. Vibration motor and sample holder 
3. Pick-up coils 
4. Hall sensor 
5. Lock-in amplifier 
6. LabView Computer Program 
Fig. 3. 10. Our VSM system. 
Water-cooled Electromapnets and Power Supply 
The water-cooled electromagnets, along with the power supply, generate the external 
ma^etic field. 
Vibration Motor and Sample Holder (with angle indicator) 
The sample holder rod is attached to the vibration motor, and the end of it is situated 
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between the pole pieces. The motor moves the sample up and down at a set frequency. 
The sample rod can be rotated to achieve the desired orientation of the sample to the 
constant magnetic field. There are also different controls for the sample position. 
Pick-up Coils 
The sample produces an AC current in the pick-up coils at the same frequency as the 
vibration of the sample. The signal generated contains the information about the sample 
magnetisation. 
Hall Sensor 
A Hall sensor is used to measure the magnetic field generated by the electromagnets. 
Meter 
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Fig. 3. 11. Block diagram of our VSM system. 
Lock in Amplifier 
This amplifier is to recover the signal buried within the noise and to produce a DC 
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output that is proportional to the AC signal input. It is also used to provide the 
oscillation frequency to the motor, control the power supply voltage and the 
change-over relay. 
LabView Computer Program 
The LabVtew program installed in a computer automates the whole process by 
controlling the Lock-in Amplifier's output and acquiring the data from its input. Tlie 
sample magnetisation and field strength collected are stored in a file, which is then used 
to plot the M-H loop. The data saved can be viewed using Microsoft Excel for further 
analysis. 
3.1.4.2 1-V and MR Measurement System 
3.1.4.2.1 l-V Characteristics Measurement System 
For 1-V characteristics measurements of samples with micro/nanoconstrictlons, I 
developed a flilly PC controlled measurement system using the combination of a 
Keithley Model 2520 meter and a 2182 nanovoltmeter as shown in Fig. 3. 12. This 
system provides DC current from 10)aA to lA and pulsed currents from 10 l^A to 5A 
with pulse widths from 500ns to 5ms and pulse delays from 20|is to 500ms. 
For this system, LabView programming is utilised to automate the process of the I-V 
characteristics measurement and plot the I-V loop. LabView programming uses a 
graphical programming method instead of writing down all command sentences in the 
traditional way. The programmer needs to add and arrange sub-Vis, codes and drivers 
according to the program requirement, which is like the flow diagram of the program 
where data flow determines the execution of the program. 
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Fig. 3. 12. The block diagram of the I-V characteristics measurement system. 
A finished program in LabView is called the virtual instrument (VI), which includes 
two elements: the front panel and the block diagram. The function of the front panel 
(shown in Fig. 3. 13) is to provide the user with a graphical interface. The block 
diagram is where the code and drivers of the program are located. The graphical 
programming method is very usefial in debugging the program on account of the 
visualisation of data flow. 
In order to automate the I-V characteristics measurement, the following tasks are 
needed to be performed by the main program (please refer to Appendix I for the source 
code of the LabView program): 
a) Initialise and set the settings of Model 2520 and Model 2182 meters. 
b) Step the DC or pulse currents up or down if necessary. 
c) Change the direction of the current. 
d) Take readings of the signal from the 2520 and 2182 meters. 
e) Save the data to a file for further analysis. 
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Fig. 3. 13. Front panel of LabView program of the I-V characteristics measurement system. 
But there is no voltage compliance in Model 2500 Current Source, so samples with 
micron- and nano-constrictions could easily break down by the unlimited high voltage 
during electrical measurements. 
In addition, the measurement precision is much lower than we expected. To overcome 
these shortcomings, we have replaced the Model 2520 with a Model 6221 source meter. 
In contrast with the Model 2520, the Model 6221 can set required voltage compliance, 
which can effectively protect the micro/nanoconstriction samples. Besides, Model 6221 
combined with Model 2182 has a much higher measuring resolution. Model 6221 can 
provide DC current from 10 pA to 105 mA and current pulses from 1 pA to 100 mA 
with pulse widths from 50 fis to 12 ms and pulse delays from 83.3 ms to 5 s. Thus this 
tool can carry out magneto-transport and i-V characteristics measurements for 
micro/nanoconstriction devices with substantially reduced overheating. 
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Fig. 3. 14, The front panel of the 4-point probe magnetic measurcmenl system. 
3.1.4.2.2 Four-point Probe Magnetic Measurement System 
The four-point probe magnetic measurement system was improved by Mr. Kuan-Yi 
Yang. The tront panel oflhis magnetic measurement system is shown in Fig. 3. 14. 
Current 




m PL 3307P Power Supply 
Computer(LabView Program) 
Fig, 3, 15. The block diagram of (he4-poinl probe magnetic measurement system. 
Using LabView programming with a GPIB interface card controlling the TTI PL 330TP 
Power Supply, a Keithley 2182 nanovoltmeter and a Keithley 6221 source meter as 
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presented in Fig. 3. 15, this system provides precise measurements of MR curves as 
well as I-V characteristics for nano/micron-scale thin film devices. 
3.1.4.3 Atomic Force Microscope 
3.1.4.3.1 Introduction 
The atomic force microscope (AFM), developed in the mid 1986, is a kind of scanning 
probe microscopy. 
AFM is used to characterise the surface topography by measuring the interaction force 
acting between a fine probe and a sample. The probe is attached to the end of a 
cantilever and is brought very close to a surface. Attractive or repulsive forces resulting 
ft-om interactions between the probe and the surface will cause a positive or negative 
bending of the cantilever. The bending is detected by a laser beam, which is reflected 
from the back side of the cantilever. 
This section will only describe the Nano-R™ AFM in the close-contact mode, which 
was used in our research. 
3.1.4.3.2 Components and Operation of AFM 
Piezoelectric Ceramic Transducer 
Precise mechanical motion in AFM is created fi-om electrical energy using an 
electromechanical transducer. The electromechanical transducer commonly used in 
AFM is piezoelectric ceramic. 
Force Sensors 
The construction of AFM requires a force sensor to measure the forces between a small 
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probe and the surface being imaged. A common type of force sensor utilises the 
relationship between the motion of a cantilever and the applied force. The relationship is 
given by Hooke's law: F = - K * D, where: 
• K is a constant, which depends on the material and dimensions of the cantilever 
• D is the motion of the cantilever. 
The motion of the cantilever can be measured with the "light lever" method, which 
means that deflection of the cantilever causes the laser beam to move across the surface 
of the photo-detector. The motion of the cantilever is then directly proportional to the 
output of the photo-detector. Motions as small as 1 nm are routinely measured by AFM 
using this method. 
Feedback Control 
For AFM, feedback control is used to keep the probe in a "fixed" relationship with the 
surface while a scan is measured. 
AFM Theory & Instrumentation 
The theory and operation of AFM is similar to that of a stylus profiler. The primary 
difference is that probe forces on the surface are much smaller in AFM. Because of this, 
smaller probes can be used, and a much higher resolution can be achieved. 
For AFM, a constant force is maintained between the probe and the sample while the 
probe is raster scanned across the surface. By monitoring the Z motion of the probe as it 
is scanned, a 3D image of the surface is constructed. 
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Fig. 3. 16, Main components and subsyslemsof an AFM system [191]. 
The constant force is maintained by measuring the force on the cantilever with the light 
lever sensor and by using a feedback control electronic circuit to control the position of 
the Z piezoelectric ceramic. The motion of the probe over the surface is generated by 
piezoelectric ceramics that move the probe and force sensor across the surface in the X 
and Y directions, as shown in Fig. 3.16. 
NmnA/yy 
Fig. 3. 17. Schematic diagram of the close-contact mode [191], 
Vibrating fclose-contactl Mode 
The cantilever of AFM can be vibrated using piezoelectric ceramics. When the vibrating 
cantilever comes close to the sample surface, the amplitude and phase of the vibrating 
cantilever may change. The feedback unit keeps either the vibration amplitude or phase 
constant. Changes in the vibration amplitude or phase are easily measured, and the 
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changes can be related to the force on the surface. This technique has many names, such 
as '^close-contact" mode. It is important that the tip does not "tap" the surface (Fig. 3. 
17), as this may break the probe or damage the sample. 
There are many useful analysis functions for the captured AFM images. Two main 
functions, topography and depth analysis, are mostly used in this thesis. 
Nano-R AFM Instrument System 
A Nano-R AFM instrument system includes Nano-R Stage, master computer, controller, 
video monitor, and track ball. A complete Nano-R™ AFM stage includes a video 
microscope, AFM scanner, sample puck, z motorised approach, and an x-y positioning 
stage, as shown in Fig. 3. IS. 
Vld*a MlcrgicvfX 
MslsntM M-V PHItWinlng Simpi* Puck Z Approach Uotof 
Fig. 3. 18. Nano-R™ AFM stage. 
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3.2 Micromagnetic Simulation Software 
Micromagnetic simulations were carried out to investigate the magnetisation reversal 
and the domain wall structures in patterned magnetic devices with constrictions. We 
have used two micromagnetic simulation software packages, LLC Micromagnetics 
Simulator^^ and Object Oriented Micromagnetic Framework (OOMMF), and both of 
them are based on the Landau-Lifshitz-Gilbert (LLG) equation. 
3.2.1 Landau-Lifshitz-Gilbert Equation 
The equation that describes the dynamics of a magnetic structure in time is the 
Landau-Lifshitz-Gilbert equation of motion as shown below [192-193]: 
- = - | H M . « , . - A / . - (3.,) 
The first term on the right-hand side of equation (3.1) describes the precession of the 
magnetisation M about the effective field and the second term accounts for the damping 
phenomenologically. The parameter ;'is the gyromagnetic ratio, M,, the saturation 
magnetisation and H,ff, the effective field which originates from the superposition of the 
external field and the anisotropy, exchange and demagnetisation fields. The dissipation 
(or magneUc damping) is described by the dimensionless Gilbert damping constant a 
ia = X/yM, Ais the Landau-Li fshitz damping rate). Solving the LLG equation consists 
of an algebraic minimisafion of the total energy E,a,ai as follows: 
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3.2,2 LLG Micro magnetics Simulator 
Some of micromagnetic simulations in this project were carried out using a commercial 
micromagnetic software package, LLG Micromagnetics Simulator^". LLG 
Micromagnetics Simulator^", which was developed in 1997 by Michael R. Scheinfein 
[194], is a 3D simulation tool with integrated graphics that solves the LLG equation by 
relaxation and/or integration. With this software, one can characterise the 
micromagnetic structure and dynamics in either single layer or multilayer magnetic 
devices. Fig. 3. 19 is a screen shot of the LLG woricing envirormient while a simulation 
is being run. 
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Fig. 3. 19. Screenshotofthe working environment of LLG Micromagnetics Simulator™. 
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Applications: 
• LLG computes the equilibrium magnetisation distribution in small particles and in 
thin films, as well as computing fundamental properties, such as the coercive field, 
switching time, interiayer coupling strength, and domain wall length. 
• LLG simulates the structure and response of magnetic devices, such as MRAM, 
spin valves, AMR and GMR heads, and magnetic sensors. 
• LLG computes standard magnetic imaging contrast mechanisms realised in Lorentz 
microscopy, electron holography, SEMPA, and magnetic force microscopy (MFM). 
In order to compare micromagnetic simulations with the experimental results, for 
example, a patterned NiFe device with artificial pinning sites 
(micron/nano-constrictions etc.); a device of special geometry with a constriction was 
input into the simulation with similar parameters as used in the experiments. The 
standard magnetic parameters for Ni8oFe2{i were input into the model, including Aex= 
LOSxlO"*"erg/cm and Ms=8xlO^ emu/cm'. The cell size was 10x10x10 nm'. and the 
magnetisation in each cell has contributions from the anisotropy, exchange, 
magnetostatic and external fields. 
3.23 Object Oriented MicroMagnetic Framework (OOMMF) 
OOMMF is a public domain micromagnetic simulation software developed at the 
National Insfitute of Standards and Technology (NIST)/ITL. The program is designed to 
be portable and extensible, with a user-fnendly graphical interface. The code is written 
in C++ and Tcl/Tk. Fig. 3. 20 is a screen shot of the OOMMF working environment. 
The OOMMF simulation software, which was mainly developed by Mike Donahue, and 
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Don Porter [195], also uses the LLG equation. OOMMF employs the finite difference 
method, which requires the discretisation of a chosen geometry over a grid of cells. 
^ri-iMJx)**!! i.;.(i.T 
Fig. 3. 20. Screen shol of OOMMF working environment. 
Before using OOMMF, one needs to define the specific problem, which includes 
defining the magnetic properties (such as A^ and Ms etc.), geometry of the sample, 
initial magnetic state and the external magnetic field to be applied. Simulation 
parameters such as the characteristics of the finite element mesh and the criteria for 
convergence are also very important parameters. The solution 'solves' the problem by 
integrating the LLG equation. 
For the calculation, the micromagnetic problem is solved based on regular 2D meshes 
of squares with 3D magnetisation spins positioned at the centre of the square. Assuming 
a constant magnetisation within each cell, the anisotropy and applied field energy terms 
81 
are calculated. The exchange energy is calculated using the eight-neighbour bilinear 
interpolation with Neumann boundary conditions. 
Calculating the magnetostatic field is the most time-consuming in the calculation 
process. In OOMMF, it is calculated as the convolution of the magnetisation for a given 
kernel, which represents different interpretations of the discrete magnetisation and the 
cell-to-cell magnetostatic interaction. Several kernels are supported within the software, 
but the simplest one is used for which the magnetisation is constant in each cell, and the 
average demagnetisation field through the cell is computed by using the formula 
described in [1%]. This convolution is evaluated using fast Fourier transform 
techniques. The Landau-Li fshitz-Gilbert ODE, on the other hand is integrated using a 
second order predictor-corrector technique of the Adams type. Further details regarding 
to this process can be tbund in [195]. 
3.2.4 Why Use Both OOMMF and LLG Microniagnetics Simulator? 
The OOMMF code is freely available, which makes it possible to compare our 
simulated results with established publications, which is a critical research criterion, hi 
the beginning, we used OOMMF to simulate the domain wall states and magnetisation 
configurations of the single-layer magnetic structures, e.g. NiFe nanoring devices. 
Although OOMMF also has the capabilities of doing both 2D and 3D simulations, the 
original code cannot calculate and plot MR curves, which is however readily accessible 
with LLG Micromagnetics Simulator, so most of the simulation work was done with the 
latter afterwards. In addition, it is much easier to define a complex position-dependent 
mask with LLG Micromagnetics Simulator, which is quite important for the research on 
some complex structures, such as the half-pinned NiFe/IrMn device. 
Several structures were simulated with both software, and the results are quantitatively 
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similar. The slight deviations had been expected, as the various software use different 
numerical discretisation schemes. 
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Chapter 4 Results and Analysis 
4.1 Magnetisation Reversal with Domain Wall Motion in 
Submicron NiFe and Half-pinned (NiFe/IrMn) Devices with 
Constrictions 
4.1.1 Introduction 
In this chapter, we report on a study of the magnetisation revCTsal accompanied by 
domain wall motion in submicron thin magnetic film stripes with microconstrictions. In 
this research two different structures have been included: structure A is a submicron 
standard NiFe stripe with microconstrictions; structure B has the same geometry, but the 
NiFe layer on the left side of the stripe is pinned by an AF layer, and the other side is 
unpinned, which can be easily switched by a small field. 
The idea is to realise the antiparallel alignment of the magnetisations on two sides of a 
constriction, which would bring in a 180° domain wall at the narrow constriction area, 
so the resistance difference would be observed once the domain wall annihilates in a 
high field. 
4.1.2 Exper iment 
A Ta (5 nm)/ NiFe (5 nm) biiayer was deposited on a 3-inch thermally oxidised Si wafer 
by the Nordiko 9550 deposition system. The base pressure for deposition was below 
3.0x|0" Torr. By photolithography and ion milling, a blank wafer was patterned into 
structure A: a 1.5 ).im-wide stripe with two 0.8 |Am-wide microconstrictions. As shown 
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in Fig. 4. 1 (a), the whole stripe is divided into the left, middle and right parts by the 
constrictions. Based on structure A, structure B was further fabricated with the 
photolithography/film deposition technique, leaving the left part covered by an IrMn 
layer, as indicated in Fig. 4. 1 (b). Here, we used a special photomask, which enabled 
the middle and right parts of the stripe to be covered by photoresist during 
photolithography process. In the following film deposition, the NiFe surface of the 
sample was given a sputter pre-clean to achieve enough exchange-bias in the NiFe/IrMn 
bilayer, followed by the deposition of a NiFe (3 nm)/lrMn (15 nm)/Ta (5 nm) stack and 
the resist-removal process afterwards. The top nonmagnetic electrodes processed by the 
lift-off technique are used to supply a dc current and perform the MR measurement with 
a standard four-point probe technique. As shown in Fig. 4. 1 (c), both the left and 
middle parts of the stripe are directly connected to the nonmagnetic electrode, so the 
right part was excluded in the electrical measurement and also in the micromagnetic 
simulation afterwards. 
(a) 
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Fig. 4. 1. Schematic imagesof (a) structure A (NiFe only) with 0.8 |im - wide microconstriclions and 
(b) half-pined structure B with the left part of the stripe covered by an IrMn layer, (c) SEM image of 
half-pined structure B with 0.8 ^m - wide constrictions. 
The magnetotransport properties have been measured at room temperature by a Keithley 
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2182 Nano-Voltmeter and a Keithley 6221 AC and DC current source. For the 
longitudinal measurement, the magnetic field is applied along the direction of the 
current, parallel to the long stripe axis. 
4.13 Results and Discussion 
4.1.3.1. Structure A: a Normal NiFe Stripe with Microconstrictions 
389,6 
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Fig. 4. 2. (a) Experimental longitudinal MR curve and (b) simulated MR curve of structure A. 
A negative longitudinal MR curve (MR= -0.09%) is shown in Fig. 4. 2 (a). The MR 
measurement begins with saturating the device in a large posifive field. Once the field 
decreases to zero, the resistance begins to drop at the remanent state. After applying a 
small magnetic field in the opposite direction, a sharp drop of the resistance occurs, and 
a minimum resistance value is seen. When the field reaches the coercive field of the 
stripe Hc= -3 Oe, an abrupt resistance increase appears, and the resistance quickly goes 
back to the high resistance state. There is a small decrease of the resistance in a higher 
field, which cannot be explained by the AMR effect, as the whole structure is satufated 
in a very high field with the magnetisation completely parallel to the external field, 
leading to the high resistance state. Thus this behaviour could be caused by a small 
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misalignment between the long axis of the stripe and the external field during the MR 
measurement [197]. 
In order to understand the experimental MR curve, we have done the micromagnetic 
simulation of the magnetisation reversal process of structure A in a longitudinal field 
using LLG Micromagnetics Simulator [194], The parameters used for the simulations 
are the commonly used values for NiFe, the saturation magnetisation Ms=8xl0 
emu/cm"*, the exchange constant A=1.05xlO"'' erg/cm and the uniaxial anisotropy 
constant Ku2=1.0 xlO"' erg/cm^ The cell size is 10 nm. The right part of the stripe was 
excluded in the simulation. As shown in Fig. 4. 2 (b), the simulated MR curve matches 
the experimental curve except that there is no drop in the resistance in higli fields. This 
indicates that the abnormal high-field MR behaviour might be due to a misalignment 
between the stripe axis and the external field during the MR measurement. 
(a) 
(b) 
Fig. 4. 3. Simulaled magnelisalion configurations of structure A (a) at the remanent state, (b) in a 
small reverse magnetic field and (c) in a field higher than the switching field. 
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As shown in Fig. 4. 3 (a), at the remanent state, some transversal magnetic components 
emerge at the edge of the stripe, while most of the magnetic moments in the stripe are 
still aligned along the long stripe axis, which explains the resistance drop (Fig. 4. 2 (a)) 
at remanence considering the AMR effect behind. When a small reverse field is applied, 
vortex domain walls are formed and more transversal magnetic components are 
introduced, as shown in Fig. 4. 3 (b). which inevitably leads to a quick decrease of the 
resistance, corresponding to the resistance minimum of the experimental MR curve. 
Once the field reaches the switching field of the NiFe stripe, both the left and middle 
parts of the stripe almost finish the magnetisation reversal simultaneously, and get 
magnetised along the long axis as shown in Fig. 4. 3 (c), which pushes the resistance 
back to the high state. 
4.1.3.2. Structure B: a Half-pinned NiFe Stripe with Microconstrictions 
The negative longitudinal MR curve (MR= - 0.11%) of structure B, as shown in Fig. 4. 
4 (a), is not symmetric about the resistance axis unlike the corresponding curve for 
structure A. This can be justified by the pinning of the IrMn layer, which was 
deliberately deposited to pin the NiFe magnetisation on the left side of the submicron 
stripe for low field measurements. 
For the MR measurement, after saturating the sample in a large positive field and then 
returning to the remanent state (point A), a resistance drop is observed, which is similar 
to the behaviour of structure A. After applying a small negative field, a sharp fall in the 
resistance occurs at point B. Based on the simulafion data of structure A, it can be 
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inferred that some transversal magnetic components are introduced here. When reaching 
the coercive field of the stripe Hc= -3 Oe, an abrupt increase of the resistance is 
observed at point C. But instead of going up to the high resistance state, the resistance 
decreases slightly from point C to point D, which is totally different from the behaviour 
of structure A at the same stage. The quick saturation of the resistance does not occur 
until the magnetic field reaches about -90 Oe, higher than the pinning field of the IrMn 
layer. 
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Fig. 4. 4. Longitudinal MR curves of structure B: (a) a half-cycle MR curve with the field sweeping 
from positive to negative, and (b) a complete MR curve. 
400 
Fig. 4. 5. Simulated longitudinal MR curves of structure B: (a) a half-cycle MR curve with the field 
sweeping from positive to negative, and (b) a complete MR curve. 
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The micromagnetic simulation has been done to clarify the magnetisation reversal 
mechanism in the half-pinned structure B. As shown in Fig. 4. 5, the simulated MR 
curves agree very well with the experimental curves. Based on the simulation, the 
magnetisation switching behaviour of structure B, especially the unique part (point C to 
point D) of the MR curve, can be fully understood. 
Between point B and point C (Fig. 4. 4 (a)), when the iqjplied field reaches the switching 
field of the NiFe stripe, the middle part of the stripe without feeling the exchange bias 
switches the magnetisation first, which leads to the first jump up in the resistance, but 
there is no obvious magnetisation reversal in the left part of the stripe due to pinning 
from the IrMn layer, which can be seen in Fig. 4. 6 (a). Meanwhile, with the field going 
up, the left part shows a sign of the magnetic switching, and some transversal 
magnetisation components are introduced at the left edge and the left side of the 
constriction as well, as shown in Fig, 4. 6 (b). A 180" domain wall (highlighted area in 
Fig. 4. 6 (b)) is seen at the interface between the pinned part and the unpinned part. This 
inevitably leads to a small drop in the resistance, corresponding to the abnormal 
resistance trace from point C to point D shown in Fig. 4. 4 (a). The left part of the stripe 
does not finish the magnetisation reversal until the external field is higher than the 
IrMn/NiFe pinning field, when the magnetisation in the NiFe layer is more parallel to 
the current direction (or the long stripe axis) with fewer transversal magnetisation 
components, as observed in Fig. 4. 6 (c). This results in a sharp increase in the resistance, 
leading to the final saturation state of the resistance in a high field. 
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Fig. 4. 6. Simulated magneiisaiion configurations of half-pinned structure B (a) at the switching field 
(H,) of the NiFe stripe, (b) in a field higher than 11^  but lower than the pinning field {Hpi,,}, and (c) in 
a field higher than Hpin. 
4.1.3.3. Half-pinned NiFc Stripe with a Nanoconstriction 
With the help of the Hamburg group we carried out several trials of fabricating the 
half-pinned stripe with a nanoconstriction by FIB milling. Unfortunately no electrical 
measurements could be taken, because the sample surface was damaged by accident 
during FIB fabrication and no fiuther samples have yet been produced. 
4.1.4 Conclusion 
The magnetisation reversal processes have been investigated in the submicron standard 
NiFe stripe and half-pinned NiFe stripe with a microconstriction. An asymmetric MR 
curve has been found in the half-pinned NiFe stripe with a microconstriction (structure 
B): with the field sweep from positive to negative, the lett part does not quickly switch 
the magnetisation, and the resistance stays almost constant when the negative magnetic 
field is lower than the pining field of the IrMn layer. A 180° domain wall can be seen at 
the interface between the pinned part and the unpinned part in the simulated 
magnetisation configuration. Micromagnetic simulations verify the special MR curve is 
caused by the exchange-bias on the left side of the NiFe stripe, which changes the 
magnetisation switching mechanism of the whole stripe. 
Further FIB nanofabrication was not successful, althou^ we had expected to see the 
effect of the motion of a single domain wall on the MR in the nanoconstriction area of 
such a half-pinned nano-device in low fields, which would further push our research on 
the domain wall MR. 
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4.2. Magnetisation Reversal with Domain Wall Motion in 
NiFe and Spin-valve Nano-devices with Different Pinning 
Sites 
4.2.1 Magnetisation Reversal with Domain Wall Motion in NiFe 
Nano-devices with Different Pinning Sites 
4.2. L.l. Introduction 
The magnetisation reversal process and domain wall motion in submicron or 
nano-scaled ferromagnetic wires have been widely investigated by MR measurements 
[197-200]. In FM wires with constrictions [99, 102, !04, 106, 201-206] and ring 
structures with notches [107, 207], constrictions/notches can effectively act as pinning 
sites of the domain wall and have been used to study domain wall trapping, domain wall 
MR and current-induced domain wall motion. 
In this section, we report a study on different magnetisation reversal processes in NiFe 
nanodevices with different pinning sites, which were fabricated from a 15 nm-thick 
NiFe micron stripe with a microconstriction. In our investigation, three structures have 
been studied: (a) pre-pattemed structure - a NiFe Stripe with a microconstriction, (b) 
structure A - a NiFe stripe with a nanoconstriction, and (c) structure B - a NiFe stripe 
with a submicron triangular element and a nanoconstriction. The pinning sites are very 
effective in trapping domain walls and controlling the domain wall propagation. The 
motion of domain walls can be indirectly detected by MR measurements and verified in 




A Ta (Snm)/ Ni8oFe2o (ISnm)/ Ta {5nm) structure was deposited onto a thermally 
oxidised Si wafer by a Nordiko PVD system. The base pressure for deposition was 
below 2.0x10'^ Torr. Samples were first photolithographically patterned into 10 }im x 2 
l^ m stripes with a 0.8 jim-wide microconstriction (pre-pattemed structure), as shown in 
Fig. 4. 7 (c). Two kinds of structures have been fabricated by FIB from this basic 
structure: structure A is a submicron stripe with a 150 nm-wide nanoconstriction, and 
structure B is a stripe with a submicron triangular element and a 150 nm-wide 
nanoconstriction, as shown in Fig. 4. 7 (a) and (b). The cuts were made with the Canion 
31M Plus FIB. using 30 kV gallium ions (5 pA beam current). The whole submicron 
stripe is divided into two parts by the nanoconstriction, and each end of the stripe is 
connected to a big contact pad, which is covered by the nonmagnetic electrode. Four 
electrodes made of Ta (5 nm)/Cu (100 nm)/Ta (5 nm) were fabricated to connect the 
central device by the photolithography and lift-off technique, as shown in Fig. 4. 7 (d). 
These electrodes are used to supply a dc current (outer two electrodes are current probes) 
for the standard four-point probe MR measurement. The inner two electrodes are 
situated at the edge of the micron stripe, so the big pads are excluded in the MR 
measurement. 
The magnetotransport properties were measured at room temperature by a Keithley 
2182 Nano-Voltmeter and a 6221 AC and DC current source. For the longitudinal 
measurement, the magnetic field is applied along the direction of the current (parallel to 
the long stripe axis shown in Fig. 4. 7 (b)); while for the transversal measurement, the 
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field is applied perpendicular to the current in plane. 
Fig. 4. 7. SEM images of (a) structure A with a I50nm-wide nanoconslriction, (b) structure B with a 
triangular element and a 150 nm-wide nanoconslriction, (c) the pre-pailemed stripe with a 0.8 
(im-wide microconstriction and (d) a strucmre connected with big pads covered by four nonmagnetic 
electrodes. Since Ihe FIB paiiem was done in the cenlral area of the original micron stripe, Ihe two 
ends of the stripe were let! unpattemed, as highlighted with dashed boxes. 
4.2.1.3. Results and Discussion 
4.2.1.3.1. NiFe Stripe with a Microconstriction (Prc-patterned Structure) 
The MR curve of the NiFe stripe with a microconstriction shows a normal transversal 
MR curre (MR = 0.56%) in a transversal field, as shown in Fig. 4. 8, where the low 
resistance state shows in the saturation field, and the hig}i resistance state in the zero 
field. 
In a longitudinal magnetic field, the longitudinal MR curve exhibits a negative MR of 
-0.08%) (Fig, 4. 9). The MR measurement begins with saturating the device in a large 
positive field. Then the field sweeps from positive to negative. Once the field decreases 
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to zero, the resistance begins to drop at the remanent state. After applying a small 
magnetic field in the opposite direction, a sharp drop of the resistance occurs, and a 
minimum resistance value is finally seen. When the field reaches the coercive field of 
the stripe (He = -3 Oe), an abrupt jump up in the resistance appears, and the resistance 
quickly goes back to the high resistance state. There is a small decrease of the resistance 
at a higher magnetic field. 
388.5 
385.5 
'' r I ' 
' - ' 
-200 -100 0 100 200 
H(Oe) 








» ' T • 1 • I ' T • ' 
. — . 
L J 
— - - ' • ^ 
: 
K::==-^ ' 
^ ^ t e S T -
^ ^ ^ ^ i » 
1 . 1 
-200 -100 0 100 200 
H(Oe) 
Fig, 4. 9. The longitudinal MR curve of the pre-pattemed structure with a 0.8 fim-wide 
microconstriction. 
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To provide an explanation of the longitudinal MR curve shown in Fig. 4. 9, we have 
done a micromagnetic simulation of the magnetisation reversal process of the 
pre-pattemed structure with a longitudinal field using the OOMMF (Object Oriented 
Micromagnetic Framework) package [195], Parameters used in the simulations for 
Permalloy are the saturation magnetisation Ms=8xlO^ emu/cm\ the exchange constant 
A=I.05xlO'*erg/cm and the uniaxial anisotropy constant K^=l.O xlO' erg/cm^ The cell 
size is 10 nm x 10 nm. The above conditions are the same for all micromagnetic 
simulations of different structures in this section. 
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Fig, 4. 10. Simulated magnetisation configurations of the pre-pattemed stracrure (a) at the remanent 
state, (b) in a smail reverse field, and (c) in a reverse field higher than the switching field. 
In the simulation, the structure is first saturated to the left, and then the magnetic tleld 
switches from lefl to right. As shown in Fig. 4. 10 (a), at the remanent state, a small 
amount of transversal magnetic components emerge at the edge of the stripe, although 
most of the magnetisations are still aligned along the long stripe axis, which explains 
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the resistance drop at remanence in Fig. 4. 9 considering the AMR effect. When a small 
reverse field is applied, more transversal magnetic components are introduced in the 
stripe, which inevitably leads to a sharp decrease of the resistance, corresponding to the 
resistance minimum of the MR curve. When the reverse field is close to the coercivity 
of the micron stripe, vortex domains are formed in the stripe, as shown In Fig. 4. 10 (b). 
When the field is higher than the switching field of the NiFe stripe, both the lef^  and 
right parts of the stripe almost finish the magnetisation reversal simultaneously, and get 
magnetised along the long axis as shown in Fig. 4. 10 (c), which pushes the resistance 
back to the high resistance state. 
In the simulation no decrease in the resistance is observed at a very high magnetic field, 
so what we have seen in the experiment might he due to the misalignment between the 
stripe axis and the external field during the MR measurement [197]. 
4.2.U.2. Structure A: NlFe Stripe with a Nanoconstriction 
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Fig, 4. 11. The transversal MR curve of stnicture A with a 150 nm-wide nanoconstriction. 
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For FIB-pattered structure A with a tianoconstriction, the transversal MR curve {MR= 
0.68%) is shown in Fig. 4. 11 Here we observe the so-called beii-shaped behaviour, that 
is, an MR enhancement around a zero magnetic field [99, 208]. It is believed that this 
enhancement is due to the domain wall pinning at the nanoconstriction near a zero field 
by the reversal from the saturation state, which can be explained by the domain wall 
scattering mechanism [95, 208]. This phenomenon is first observed when measured at a 
dc current of 50 fiA, but it disappears at a current of 500 |JA, corresponding to a critical 
current density of 2.2^10^ A/cm^, which Is consistent with the reported behaviour of a 
NiFe wire with a nanoconstriclion [208]. Thus this bell-shaped behaviour of the MR 
curve is in line with the domain wall scattering mechanism. 
It might be suspected that the geometry of structure A may contribute to the special 
shape of its MR curve. But actually this can be excluded, because there is no MR 
enhancement found in the pre-pattemed structure with a microconstriction, which has 
almost the same geometry as structure A except for the constriction area. Thus it is the 
nanoconstriction (with the domain wall scattering mechanism behind) that makes such a 
big difference, leading to the bell-shaped behaviour of structure A, although the AMR 
effect may have a small contribution, To clarify the uncertainty, we need to locate 
nonmagnetic electrodes as close to the nanoconstriction as possible to minimise the 
AMR contribution. 
Fig, 4. 12 exhibits the longitudinal MR curve of structure A at a longitudinal magnetic 
field, which shows a negative MR of 0.17%. During the MR measurement, the structure 
is first saturated at a high negative field, and then the magnetic field sweeps from 
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negative to positive. Once the field direction changes to positive, the resistance 
decreases sharply before reaching the minimum state. With the fiarther increase of the 
field, the resistance shows the first sharp increase at a field of Hci=6 Oe. Afterwards 
between Hd and Hc2=20 Oe, there is no obvious resistance change. Finally when the 
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Fig. 4. 12. The longitudinal MR curve of structure A with a 150 nm-wide nanoconstriction (arrows 
show the trace of the MR curve when the field sweeps from negative to positive). 
For an insight into the experimental longitudinal MR curve in Fig. 4. 12, the 
magnetisation reversal process of structure A at a longitudinal field has been simulated 
using the OOMMF simulation package. The unpattemed stripe area (shown in Fig. 4. 7 
(a)) was included in the simulation, but is not shown below for the reason of space. 
With the field sweeping from negative to positive, at a small positive field, the 
unpattemed micro-stripe area initiates the magnetisation switching, followed by the 
switching of the left and right parts of the patterned nano stripe, but the magnetisation 
reversal of the latter is not completed yet due to several vortex domains existing close to 
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the edges). Then the domain walls move towards to the nanoconstriction area until they 
are pinned there, as shown in Fig. 4. 13 (b)), corresponding to the first sharp resistance 
increase (Fig. 4. 12). The field keeps increasing, but within a narrow field range, the 
amount of the transversal magnetic components at the stripe edge and the constriction 
area remaining nearly the same, which is in agreement with the resistance plateau of Fig. 
4. 12. When the external field reaches the depinning field of the nanoconstriction, 
domain walls finally annihilate at the nanoconstriction and the stripe edge completely 
switches the magnetisation, leading to the magnetisation reversal completed in the 
whole stripe as shown in Fig. 4. 13 (c), which corresponds to the second sharp rise of 
theresistanceof Fig. 4. 12. 
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Fig. 4. 13. Simulated magnetisation configurations of structure A (a) at the remanent state, (b) at the 
switching field of the NiFe stripe, and (c) in a field higher than the depinning field of the 
nanoconstriction. 
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4.2.1.3.3. Structure B: MFe Stripe witti a Subnucron Triangular Element and a 
Nanoconstriction 
For structure B, the transversal MR curve (MR=0.58%) is shown in Fig. 4. 14 (a). 
Similar to the behaviour of structure A, a small MR enhancement can be observed 
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Fig. 4, 14. (a) Transversal MR curve and (b) longitudinal MR curve of structure B (arrows show the 
trace of the MR curve when the field sweeps from negative to positive). 
Likewise under a longitudinal field, structure B shows a negative longitudinal MR 
effect (MR = -0.16%) in Fig. 4. 14 (b). As for the pre-pattemed structure, structure B 
shows a sharp resistance decrease at a small reverse field, resulting in the minimum 
resistance state. 
As shown in Fig. 4. 14 (b), on reaching the field Hci=4.3 Oe, the resistance rises sharply. 
From Hci = 4.3 Oe to Hc2 = 13 Oe, there is a small increase in the resistance. Once the 
field is higher than Hc2=13 Oe, the resistance shows the second abrupt jump up. 
Between Hc2 = 13 Oe and H13 = 21.5 Oe, the resistance again only changes slightly. On 
reaching He4=23 Oe (the same as the depinning field of the nanoconstriction of structure 
A), the resistance returns to the original high state in the third jump up. 
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A similar micromagnetic simulation was also performed on structure B by using 
OOMMF and its magnetisation reversal process can then be explained as follows. The 
unpattemed stripe area (Fig. 4. 7 (b)) was included in the simulation, but is not shown 
below. 
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Fig. 4. 15. Simulated magnetisation con figurations of structure B (a) at the remanent state, (b) at the 
switching field of the micron-stripe, (c) at the switching field of the lefl part of the patterned stripe, 
and (d) in a field higher than the pinning field of ihe triangular element and the nanoconstriction. 
With the field sweeping from negative to positive, at a small positive field, the 
magnefisation reversal is initiated in the unpattemed micro-stripe area. Being wider than 
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the left part of the patterned stripe, the right part has a lower coercivity, so it follows the 
magnetisation switching of the unpattemed micro-stripe, and is magnetised along its 
long axis, corresponding to the first abrupt resistance increase shown in Fig. 4.14 (b), and 
the domain wall moves towards the nanoconstriction before it is trapped there, as shown 
in Fig. 4. 15 (b). As the field increases, the left part of the patterned stripe begins to 
reverse Its magnetisation, leading to the second resistance jump-up in Fig. 4. 14 (b), 
followed by the movement of the reverse domain wall towards the right until it reaches 
the base of the triangular element, where it feels the pinning, as illustrated in Fig. 4. 15 
(c). When the external field is high enough to overcome the pinning energy induced by 
the sharp expansion in width, the domain wall is depinned at the triangular clement. 
Almost simultaneously the pinned domain wall annihilates at the nanoconstriction, as 
shown in Fig. 4. 15 (d). The final domain wall annihilation at two pinning sites results in 
the third sharp increase of the resistance in Fig. 4. 14 (b). 
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Fig. 4. 16. Simulated magnetisation configurations of (a) the pre-pallemed structure, (b) 
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FiB-paltotied structure A, and (c) FIB-pattemed structure B in a small reverse field-
Comparing the pre-pattemed structure (with a microconstriction) with two types of 
FIB-pattemed structure A and B (with nano-sized pinning sites), we notice that the 
longitudinal MR value of the pre-pattemed structure is -0.08%, which is half as large as 
those of two FIB-pattemed structures, -0.17% and -0.16%, respectively. 
A comparison of the above longitudinal MR values may easily lead to a misleading 
interpretation that the domain wail MR is negative in the longitudinal measurement. 
However, when taking a close look at the simulated magnetisation configurations of the 
above structures (as shown in Fig. 4. 16), at a very small reverse field (lower than the 
switching field of the micron stripe), where the dip of the MR curve appears, some 
difference is seen between the pre-pattemed and FIB-pattemed structures. In addition to 
the transversal magnetic components emerging at the ends of the micron stripe, both 
FIB-pattemed structures show some extra transversal magnetic components at the joint 
part between the micron stripe and the nano stripe. Furthermore, for stmcture B, a small 
amount of transversal magnetisation components appear at the two sharp comers of the 
triangular base. The extra transversal magnetisation components in the two 
FIB-pattemed stmctures result in their larger negative MR compared with the 
pre-pattemed structure, as AMR evolves as an angular variation of the resistance with R 
tx cos^ D, where 8 is the angle between the local magnetisation and the current direction 
(the AMR effect causes a decrease in resistance, when the magnetisation components 
are perpendicular to the current in the sample). Thus the large negative longitudinal MR 
of structure A and structure B can be explained by the AMR contribution, although the 
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intluence of DWMR may play a minor role. 
In addition, due to the bell-shaped behaviour, the transversal MR magnitudes of 
structure A and B are 0.68% and 0.58%, respectively, slightly higher than that of the 
pre-pattemed structure {MR~0.56%). There might be a contribution from DWMR, 
which is more pronounced in structure A, since the enhanced MR of structure B is 
reduced by its high resistance. 
As to structure A, a series of samples with different nanoconstriction widths have been 
further studied for the dependence of the transversal MR on the constriction width. The 
transversal MR increases from 0.57% to 0.80% when the nanoconstriction width 
decreases from 200 nm to 50 nm, which can be interpreted as due to both AMR and 
DWMR. It can therefore be inferred that DWMR plays a more important role in the 
transversal MR for devices with narrower constrictions and there is a positive 
contribution to the resistance from DWMR. This can be justified by the fact that the 
amplitude of the DW scattering depends on the width of the domain wall [95, 209]. 
To clarify the existence of DWMR, we need to put contact electrodes as close to the 
nanoconstriction as possible (at a distance smaller than 20 nm from the constriction) to 
minimise the contribution of the long stripe (AMR contribution) to the 
magnetoresistance, which is then dominated by the contribution of the 
nanoconstriction, so ideally we can separate the normal AMR from DWMR. In reality 
we could only shorten the distance down to 2-3 i^m, so this task is very tough 
considering the resolution of our photolithography and the unavoidable error in the mix 
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and match process for the electrode fabrication. 
4.2.1.4. Conclusion 
In summary, domain wall motion induced magnetisation reversal processes in 
constricted NiFe nanodevices have been studied by MR measurements and the 
micromagnetic simulations. By using different pinning sites in the patterned 
nanodevices, different magnetisation reversal processes, as indicated by different 
experimental magnetoresistance curves, have been observed in the simulations through 
the control of the domain wall pinning and displacement. The transversal MR curves of 
FlB-pattemed structures cannot be fully explained in terms of the AMR effect, 
indicating the possible contributions from DWMR. We have shown that it is possible to 
design submicron integrated ferromagnetic stripes/wires to selectively achieve the 
position control of domain walls, which have the potential application in nanowire 
memory devices, e.g. the RaceTrack memory. 
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4.2.2 Magnetisation Reversal with Domain Wall Motion in Spin-valve 
Nano Devices with Two Different Pinning Sites 
4.2.2.1. Introduction 
In section 4.2.1, we reported a study of different magnetisation reversal processes in 
NiFe nanodevices with different pinning sites. 
This section is focused on the magnetisation switching process in the spin-valve 
nano-device with the same geometry, as the spin-valve structure has a higher MR ratio, 
providing a more sensitive way of investigating the magnetisation configurations. In the 
experiments, the blanket spin-valve film was first photolithographically patterned into a 
micron stripe. Then, using FIB nanofabrication, a submicron triangular element and a 
150 nm-wide nanoconstriction were cut in the middle of the stripe. A combination of the 
above two different pinning sites is effective in trapping the domain walls and 
controlling their propagation directions. The motion of domain walls can be indirectly 
detected by MR measurements and reproduced in the micromagnetic simulations. 
4.2.2.2. Experiment 
The synthetic exchange-biased spin valves of Ta (2 nm)/NiFe (FL) {4 nm) /Cu (2.5 nm)/ 
CoFe (PLi) (2 nm)/Ru (0.7 nm)/CoFe (PLj) (2.5 nm)/ IrMn (8 nm) /Ta (2 nm) were 
deposited by the Nordiko PVD system on thermally oxidised Si wafers (Dr Zhengqi Lu 
fabricated such spin-valve films years ago, which were also used in my study of 
spin-valve nanorings in section 4.3). The base pressure tor deposition was below 
3.0x10"" Torr. The process conditions were optimised separately for each of the target 
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materials. A uniform magnetic field of 50 Oe was applied in the substrate plane during 
the film deposition to induce a uniaxial magnetic anisotropy for the ferromagnetic layers. 
The annealing process was undertaken in an argon atmosphere with a magnetic field of 
6 kOe applied along the easy axis of the free layer. 
The spin-valve film on the blanket wafer was first photolithographically patterned into 
10 |im wide micron stripes with a 0.8 jim-wide microconstriction in the middle. Then 
spin-valve nanodevices with two different pinning sites were further fabricated by FIB 
from this basic structure: a submicron stripe with a nano-sized triangular element and a 
150 nm-wide nanoconstriction in the centre, as shown in Fig. 4. 17 (a). The cuts were 
made with the Orsay Physics Canion 31 Plus UHV FIB using 30 kV gallium ions (5 pA 
beam current). 
Fig. 4. 17. (a) SEM image of a spin-valve nano-device (highlighted area) with a nano-sized 
triangular element and a 150 nm-wide nanoconstnction. 
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Fig. 4.17. (b) SEM image of the nano-device (highlighted area) connected with big pads covered by 
four nonmagnetic electrodes. 
The whole nano-device is split into two parts by the nanoconstiHction and the triangular 
element, and each end of the submicron stripe is connected to a big contact pad (Fig. 4. 
17 (b)), which is part of the structure and covered by four nonmagnetic electrodes. 
These nonmagnetic electrodes composed of Ta (5 nm)/Cu (100 nm)/Ta (5 nm) layers, 
which were processed by photolithography and lift-off process based on a 
mix-and-match technique, are used to supply a dc current and perform MR 
measurements with a standard four-point probe technique (the two inner electrodes are 
used for the voltage measurement, and the outer two for the current input). The 
magneto-transport properties have been measured at room temperature by a Keithley 
2182 Nano-Voltmeter and a Keithley 6221 AC and DC current source. All MR curves 
mentioned in this section were measured longitudinally with the extemal magnetic field 
applied along the long axis of the stripe (the easy-axis of the fi-ee layer). 
4.2.2.3. Results and Discussion 
The MR measurement of the unpattemed spin-valve film was taken before patterning, 
showing MR - 7.8%. In the high-field MR measurement (Fig. 4. 18 (a)), the 
magnetisations of PL| and PL2 of SAF are kept at the antiparallel alignment in a 
magnetic field up to 1 kOe. An effecUve exchange field (Hex) of 1.3 kOe (defined as the 
field at which the MR amplitude is half of the maximum in a small field) is obtained. 
The two strongly antiferromagnetically coupled CoFe layers of the SAF are finally 
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Fig. 4. 18. (a) High-field MR curve and (bj low-field MR curve of the unpaitemed spin-valve film, 
and (c) low-field MR curve of a submicron spin-valve stripe with a microconstriction. 
The low-field (minor) MR curve of the unpattemed spin-valve film, as shown in Fig. 4. 
18 (b), gives an MR of 7.8%, which reflects the magnetisation reversal of the NiFe free 
layer only. A -14 Oe shift of the minor MR curve can be attributed to the Neel coupling. 
After patterning by photolithography and ion-beam milling, the submicron spin-valve 
stripe with a microconstriction shows an MR of 7.4% during the low-field measurement, 
as presented in Fig. 4. 18 (c). 
By using FIB milling, two different pinning sites were patterned in the submicron 
spin-valve stripe. The low-field MR curve of such a spin-valve nano-device exhibits 
111 
several sharp resistance transitions, as shown in Fig. 4. 19. 
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Fig. 4. 19. Low-field MR curve of the FIB-patlcraed spin-valve nano-device wilh a triangular 
element and a 1 SO nm-wide nanoconstriction. 
The magnetoresistance of the patterned nano-devjce is dominated by the GMR effect 
and therefore controlled by the relative magnetisation alignment of the free and pinned 
layers. Thus the resistance transitions in Fig. 4. 19 only correspond to ditTerent 
magnetisation configurations in the NiFe layer, since there is no magnetisation reversal 
in the pinned CoFe layers of the SAP structure at low field measurements. 
The GMR ratio of the FIB-pattemed nano-device, which is about 0.72 %, is much lower 
than that of the unpattemed spin-valve film (-7.8%) and patterned spin-valve stripe 
(-7.4%). The GMR degradation can be attributed to the Ga^ ion induced intermixing. 
As has been found, the high-energy Ga^ ions (30 keVJ are responsible for interface 
intermixing and the reduction of interface effects like GMR [210-211]. Halo ions of the 
outer beam profile hit the device and reduce the GMR effect by low-dose intermixing. 
Most of the halo ions are blocked by the 15.2 nm thick materials above the Cu spacer 
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layer responsible for the GMR. The remaining GMR is still enough to monitor the 
different domain states inside the nano-device. 
The shift of the minor MR curve is -15 Oe for the spin-valve nano-devtce, similar to 
that of the unpattemed films (-14 Oe), so there is no obvious change in the interiayer 
coupling after FIB patterning. 
As shown in Fig. 4. 19, the low-field MR curve of the nano-device displays three abrupt 
transitions when the field sweeps from positive to negative. These distinct resistance 
transitions correspond to three different magnetisation states in the NiFe layer 
respectively, which are labelled as L|, L2, and L] in Fig. 4. 19. A positive field of lOOOe 
is applied to saturate the magnetisation of the NiFe layer prior to the MR measurement. 
When the field changes to negative, the first sharp increase of the resistance (Li) 
appears in a small field of -20 Oe, followed by the second resistance transition (L2) 
when the field decreases to -24 Oe. Then in a field of -29 Oe, the resistance quickly 
jumps up to the high resistance state, which is the third sharp transition of the resistance 
(L3). 
Similarly when the field sweeps from negative to positive, the low-field MR curve also 
shows three sharp resistance changes (L|', L2' and Lj'). Obviously these resistance 
transitions are shifted to the left (similar to the minor MR curve), which can be 
attributed to the interiayer coupling between the magnetic layers. 
TTie magnefisation reversal process and MR curve of the nano-device with two diflferent 
pinning sites have been simulated using LLG Micromagnetics Simulator [194]. 3D 
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micromagnetic simulations have been done based on a NiFe/Cu/CoFe nanoring stack. A 
cell size of 10 nm x 10 nm x thickness was used for each layer. Parameters used in the 
simulations for Permalloy were the saturation magnetisation Ms=8xI0^ emu/cm', the 
exchange constant A=1.05xlO"^ erg/cm and the uniaxial anisotropy constant Ku2=1.0 
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Fig. 4. 20. Simulaled MR curve of ihe FIB-patlemed spin-valve nano-device with a triangular 
element and a ISO lun-wide nanoconstriction. 
Although the whole SAP was not included in the simulation volume to save the 
computation time, a pinning field of 3 kOe was applied to the CoFe layer, and an 
interlayer coupling field of-15 Oe between the NiFe and CoFe layers was also added to 
the input. The contact pads were included in the simulations, but not shown here due to 
limited space. The micromagnetic simulation results provide an insight into our 
experimental results, particularly the MR curve, as shown in Fig. 4. 20. 
As found in the simulations, when the field sweeps from positive fi-om negative, the two 
big pads and the right two-step stripe first begin the magnetisation switching of the 
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NiFe layer, corresponding to the first abrupt resistance transition in Fig. 4. 19, which is 
followed by the pinning of the domain wall at the nanoconstriction, as shown in Fig. 4. 
21 (b), With the increase of the negative field, the left nano stripe starts the NiFe 
magnetisation reversal (Fig. 4. 21 (c)), which results in the second sharp increase of the 
resistance in Fig. 4. 19. As a result, the domain wall moves towards the base of the 
triangular element, where it feels the pinning due to the sharp expansion in width. 
Finally a higher field helps the domain walls annihilate at the triangular element and the 
nanoconstriction (Fig. 4. 21 (d)), which results in the last resistance jump-up in Fig. 4. 19. 
Meanwhile, the NiFe layer reaches the resistance saturation state. 




p * > 4 ^ ^ ^ ^ l f r ^ V h ^ ^ ^ ^ ^ ^ ^ ^ ^ » « k ^ ^ f r » « - ^ ^ ^ r r fr«h ^ r # 4 . * - « k * ^ * f i . ^ * t « . ^ ^ ^ ^ « . ^ ^ ^ * . « k ^ « . f r 4 . r t ^ ^ ^ ^ ^ 4 . f r ^ ' k « 
: - (c) 
- ft«**4-^^fr*^frfr»^^^^fr 4 - ^ ^ f r ^ ^ 
^ ^ f r * ^ ^ ^ » * 4 - f c b ^ * f c b ^ ^ « - ^ k * k « i 
- • • < • ^ * " » « - ^ ^ f ^ * » . r * ' « > * « h * ' ^ « . « h f « . 4 . 4 - « - ^ « ' ^ ^ ^ ^ V » b » ^ ^ « « v ^ » 4 r » f r * k 4 
-**—- * (d) 
115 
Fig. 4. 21. Simulated magnetisation configurations of the NiFe layer of the FlB-pattemed spin-valve 
nano-device (a) at the remanent state, (b) at the switching field of the micron-stripe, (c) at the 
switching field of the left part of the patterned stripe, and (d) in a field higher than the pinning fields 
of the triangular element and the nanoconstriction. 
From Fig. 4. 19 and Fig. 4. 20, we see that the simulated MR curve agrees well with the 
experimental MR curve, which shows three sharp resistance transitions when the 
external field switches fi-om positive to negative or vice versa. 
Overall, the magnetisafion switching behaviour of the NiFe layer of the spin-valve 
nano-device is very similar to that of the single-layer NiFe counterpart, as discussed in 
section 4.2.1. The only difference shown in this section Is that the switching fields of 
three different parts (micro stripe, nano stripe and the pinning sites) of the spin-valve 
device are lower than those of the counterpart, which can be explained by the very thin 
NiFe layer {-4 nm) of the spin-valve structure, compared with the 15 nm thick 
single-layer counterpart. 
4.2.2.4. Conclusion 
In summary, domain wall motion induced magnetisation reversal processes in 
spin-valve nanodevices with two artificial pinning sites have been studied by low-field 
MR measurements and the micromagnetic simulations. It has been shown that in low 
fields, by trapping domain-walls at ditferent pinning sites, the control of magnetisation 
switching procedure can be realised in the NiFe layer of submicron spin-valve 
nanodevices, as found in NiFe nanodevices with the same geometry. 
4.3 Magnetoresistance, Domain Wall Motion and Magnetic 
Switching in NiFe and Spin-valve Nanorings 
The main content of section 4.3.1 Is motivated by Dr Zhengqi Lu's research on 
NiFe nanorings. The author has conducted micromagnetic simulations to clarify 
and demonstrate the experimental data of Dr Lu, and then extended this research 
to spin-valve based nanorings. 
4.3.1 Magnetoresistance, Domain Wall Motion and Magnetic 
Switching in NiFe Nanorings 
4.3.1.1. Introduction 
Nanoscale magnetic elements have received considerable attention recently due to the 
potential applications in high-density magnetic memory devices [212]. One key issue in 
these applications is to achieve controlled magnetic switching that is both fast and 
reproducible. 
The magnetic switching mechanisms of different geometries, such as wires, rectangles, 
needles, cylinders, and disks, have been studied, but it was found that their magnetic 
states are hard to control. To achieve the controllable magnetic switching, one needs to 
have well-defined and reproducible magnetic states. A promising candidate that tulfils 
these criteria is the ring structure [107, 148, 213]. There exist two distinct stable states 
in a narrow ring at remanence, the "vortex" state with a flux-closure domain and the 
"onion" state with two head-to-head/tail-to-tail domains, Rings under a combination of 
an applied field and a current exhibit a range of switching behaviours from the forward 
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onion state to the reverse onion state, via a single switching process (forward onion to 
reverse onion), or a double switching process (onion to vortex, and then vortex to 
reverse onion). 
In this work, we have constructed a ring structure connected to the nano stripe with 
nanoconstrictions. We present a systematic magnetoresistance study of the ring with 
various applied currents at different field angles. Evidence for the current-induced 
domain wall motion is also presented based on MR measurements. 
4^.1.2. Experiment (All the experimental work discussed below was conducted by 
Dr Lu.) 
The NiFe nanoring connected to the nano stripe with nanoconstrictions was fabricated 
by e-beam lithography using LOR /PMMA bilayer resists. A 70 lun LOR was first 
coated and pre-baked in an oven at 180°C for 20 minutes. A second layer of resist, 70 
nm PMMA (MW 350k), was then spin-coated and baked in an oven at 180°C for 1 hour. 
E-beam direct writing was carried out with a high-resolution vector beam writer (VB6) 
from Leica at 100 kV beam energy and 500 pA beam current at the Rutherford Appleton 
Laboratory. The exposed resist was developed in a mixture of MIBK; IPA (1:3) for 60 
seconds. The PMMA layer defined the geometry of the devices. The LOR resist in the 
open area was then dissolved in CD26 developer, creating a clear undercut beneath the 
PMMA layer. A SEM image of a patterned structure is shown in Fig. 4. 22. The 
I25nm-wide stripes have two 30 nm-wide constrictions. The ring has an outer diameter 
of 750 nm and an inner diameter of 500 nm. A film stack of Ta 2nm/NiFe SnnVTa 2nm 
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was then deposited by the magnetron sputtering system, The lift-off process was carried 
out by soaking the sample in 1165 stripper. Using a mix-and-match technique, four 
nonmagnetic electrodes made of 2nm Ta/200 nm Cu/2 nm Ta films were formed to 
connect the central part of the device by the optical lithography. The magneto-transport 
properties were measured at room lemperature by a Keithley 2182 nanovoltage meter 
and a 6221 AC/DC current source. The magnetic field was applied in the plane and the 
field angle was measured with respect to the long axis of the stripe. The dc current was 
up to ±1 mA. which corresponds to a current density up to tO" A/cm'^ . 
Fig. 4. 22, SEM images of {lop) a paltemed NiFc nanoring connected to the natio stripe with 30nm 
wide nanoconstrictions and (bottom) a naiioring device contiected to four nonmagnetic electrodes. 
4.3.1.3. Results and Discussion 
4.3.1.3.1. Field-induced Magnetisation Switching 
MR measurements were taken with varied currents in magnetic fields along different 
angles. Positive current corresponds to the electrons flowing from right to left, and vice 
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versa. A typical MR curve with a current of 0.15 nxA in a magnetic field along the 30° 
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Fig. 4. 23. MR curves of a patterned NiFe nanoring device for a variety of currents ai different field 
angles: (a) current 1=0.15 mA, field angle 0= 30° (critical switching fields Hd, Hcj, Hcs and Hc4 are 
labeled with dotted lines); (b) [=0.02 mA, 6= 90"; (c) 1=0.05 mA, 9= 90"; (d) 1=0.15 mA, 9= 90". 
Two distinct jumps are observed with a sweeping field, which indicates that there are 
two different configurations for the magnetisafion in the ring. Starting with the field 
saturated along 30", the magnetisafion in the ring changes from configuration a towards 
configuration b after relaxing the field, indicated by the gradual increase in resistance. 
When it reaches configuration b, the maximum resistance state is reached. When the 
field arrives at the first critical switching field Hcu there is a sharp drop in resistance, 
corresponding to the magnefisation in the ring switching from configuration b to 
configuration c. As the field is decreased to the second critical switching field Hd, a 
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clear jump up in resistance occurs, which may indicate that the magnetisation of the ring 
switches from configuration c to configuration e. Configuration d is finally reached at 
the negative saturation field. When the applied field sweeps back from the negative field, 
the magnetisation in the ring first switches from configuration e to configuration/at the 
third critical switching field H^i, and then to configuration b at the fourth critical 
switching field Hd. Configuration a is reached at the positive saturation field in the end. 
The schematic magnetisafion configurations (a-e) are shown in the insets of Fig. 4. 23 (a) 
based on micrcmagnetic simulations below. 
It can be seen in Fig. 4. 23 (a-b) that the direcfion of the external magnefic field can 
affect the magnefisation reversal of the ring element. For the magnefic field tilted away 
from the long axis direction of the stripe (e.g. the 30" field. Fig. 4. 23 (a)), when the 
current is low, the MR curve shows two resistance drops at the critical switching fields 
Hci/Hc3, followed by two sharp resistance rises at the crifical switching fields Hc2/Hc4. 
For a field perpendicular to the long axis of the stripe, an enhancement of MR is 
observed near zero fields at a low current as shown in Fig. 4. 23 (b). When the current 
density approaches a critical current density ( - 2xl0 ' A/cm" in the constriction. 
corresponding to a current of-150 |.tA), the MR enhancement is still observed during 
the magnetic field sweep from negative to posidve. However, there is no MR 
enhancement when the magnetic field sweeps from positive to negative as shown in Fig. 
4. 23 (c). This asymmetry may come from the defects in the ring. With a further 
increase of the current, no enhancement in MR is observed for either sweep direction of 
the field as shown in Fig. 4. 23 (d). The enhancement in MR might be attributed to the 
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domain wall trapped at the constrictions [214]. When a domain wall is present at the 
constriction, there is an additional magnetoresistance, termed domain wall 
magnetoresistance. The domain wall is depinned when the applied current density is 
above the critical density due to the current-induced domain wall motion, In our 
experiments, it is estimated that the enhanced MR is ~0.12% by comparing Fig. 4. 23 (b) 
with (d). Here it needs to be noted that domain wall MR may also exist when a 30** field 
is applied, but any small MR enhancement at zero fields can be easily masked by the 
near-zero-field dips on the MR curve (as showed in Fig. 4. 23 (a), there are two sharp 
drops in the resistance near zero fields, corresponding lo the magnetisation in the ring 
switching from the onion state to the vortex state). 
-0.4 0.0 
H {kOe) 
Fig. 4. 24. Simulated MR curve of a patiemed nanoring device in a 30° magnetic field (critical 
switching fields Hd, H^, H^ s and Hc4 are labeled with dotted lines). 
To investigate the magnetisation configurations of the NiFe nanoring, the 
micromagnetic equilibrium equation was solved for each applied field on a square mesh 
using LLG MIcromagnetics Simulator [194]. The intrinsic parameters of NiFe used here 
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are the saturation magnetisation Ms=8xl0^ emu/cm\ the exchange constant 
A=1.05xlO"^erg/cm and the uniaxial anisotropy constant K.u2=1.0 xlO^ erg/cm\ A cell 
size of 10 nm X10 nm was used. 
It can be seen in Fig. 4. 24 that the simulated MR curve in a 30° field, as shown in Fig. 4. 
24, agrees qualitatively with the experimental curve in Fig. 4. 23 (a). Because only the 
AMR effect was considered in the simulation, the experimental MR curve in a 30° field 
can be explained by the AMR effect. The distinct jumps in the MR curve are due to 
changes in the domain state of the ring element (onion to vortex, or vice versa) and the 
magnetisation configurations of the nano stripes. 
^ ^ w jH^4 9^^K ^ ^ ^ 
Fig. 4. 25. (a - e) Simulated magnetisation configurations of the nanoring device when the external 
field sweeps from right to left along ihe 30" direction: (a) shifted forward onion state, (b) forward 
onion state, (c) incomplete vortex slate, (d) reverse onion state, (e) shifted reverse onion slate. 
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It is shown in the micromagnetic simulation in a 30" field that, when the field decreases 
fi-om the positive saturation to zero, the magnetisation of the ring switches from 
configuration a (shifted forward onion state. Fig. 4. 25 (a)) to configurafion b (forward 
onion state. Fig. 4. 25 (b)). Due to the 30° field, the head-to-head domain wall is away 
from the notch (shifted tbrward onion state) in a high positive field, but then it moves to 
the notch (forward onion state) after relaxing the field. Meanwhile, the device resistance 
rises as the magnetisation in the ring is gradually aligned with the current direction. At 
remanence the maximum resistance is seen, as the magnetisation and the current are 
both parallel to the perimeter of the ring. When the field reaches Hd, configuration c 
(incomplete vortex state) is formed in the ring. Fig. 4. 25 (c) shows that there is a 
domain wall trapped at the right ring notch, and the spins are tilted away from the 
current direction in both the ring and stripe, which results in a drop in the resistance in 
Fig. 4. 23 (a). Here it needs to be noticed that this vortex state is incomplete due to the 
trapping of the domain wall at the notch, which agrees with related research on the 
ma^etic switching in NiFe ring structures with notches by M. K!aui et al. [215]. As the 
field arrives at Hc2, the reverse onion state (configuration d. Fig. 4. 25 (d)) is created in 
the ring, followed by the magnetisation switching of the right stripe, when the domain 
walls depin fi^m the notch and the nanoconstricfion. leading to a jump up in resistance. 
Configuration e (shifted reverse onion state, Fig. 4. 25 (e)) is finally reached in a higher 
negative field. 
Based on the simulations, we know that when the external field is along the 30" 
direction, for a low current, both transitions from the forward onion state to the reverse 
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onion state and from the reverse onion state to the forward onion state go through a 
double switching process (onion to vortex and vortex to reverse onion and backwards). 
In addition, the main MR contribution is from the AMR effect in a 30" field. 
For a magnetic field perpendicular to the stripe long axis, both transitions (onion to 
reverse onion and vice versa) go through a single switching process without the vortex 
state at all values of the current, as shown in Fig. 4, 23 (b-d). It was found in the 
simulations that the magnetisation is pointing upwards at the forward onion state, and 
downwards at the reverse onion state, as shown in Fig. 4. 26 (a, c). In addition, there is a 
metastable intermediate/left onion state (Fig. 4. 26 (b)) with the magnetisation pointing 
to the left when the domain wall is pinned at the left notch of the ring. There is no MR 
enhancement seen in the simulation that is based on the AMR effect, so the enhanced 
MR might be due to the domain wall scattering at the constricfions. 
Fig. 4. 26. (a - c) Simuiaied magnetisation configurations of the nanoring device when ihe external 
field sweeps from upwards to downwards in the 90° direction: (a) forward onion state, (b) 
intermediate/left onion state, (c) reverse onion state. 
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43.1.3.2. Current-assisted Magnetisation Switching 
To fully investigate the influence of the current on the domain wall, MR curves were 
taken with various currents for the applied field along 45° in the plane. The positive 
current corresponds to tlae electrons tlowing from right to left. A typical MR curve at a 
current of +20^A is shown in Fig. 4. 27 (a), which is similar to what is observed in a 
30" field in Fig. 4. 23 (a).There are two distinct jumps observable when sweeping the 
field, which indicates different magnetisation configurations in the ring structure. On 
the basis of the simulations, the MR curve in Fig. 4. 27 (a) can be explained as follows. 
Starting with the applied field saturated along 45" direcHon, the magnetisation in the 
ring changes from the shift forward onion state (configuration a) towards the forward 
onion state (configuration b) after relaxing the field, when the resistance gradually 
increases as the magnetisafion in the ring is more aligned in the direction of the current. 
When it reaches configuration b, where the head-to-head domain wall moves to the 
notch, a maximum MR is seen, as the magnetisation and the current are parallel to the 
perimeter of the ring. When the field arrives at the first critical switching field Hcu the 
magnefisation in the ring switches fi-om the forward onion state (configuration b) to the 
incomplete vortex state (configuration c), which corresponds to a clear drop in MR. 
Similar to the switching behaviour with a 30" field, there is a domain wall trapped at the 
right ring notch, where the magnetisation tilts away ft-om the current direction, hence 
the resistance is lowered. As the field decreases to the second critical switching field Hc2, 
the magnetisation in the ring switches fi-om configuration c to the reverse onion state 
(configuration e), which is reflected by a jump up in MR as the trapped domain walls 
126 
are annihilated. The shifted reverse onion state (configuration d) is reached at the 
negative saturated field. When the applied field sweeps back from the negative field, the 
magnetisation in the ring switches from the reverse onion state (configuration e) to the 
incomplete vortex state (configuration/) at the third critical switching field //^3, and 
then to the forward onion state (configuration b) at the fourth critical switching field HIA, 
followed by the formation of the shifted forward onion state (configuration a) at the 
positive saturated field. 
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Fig. 4. 27. The MR curves of a patterned nanoring device in a 45 magnetic field for different 
currenls: (a) -t-20 [lA, (b) +500 |iA, (c) +1000 nA and (d) -700 MA. The circles represent the MR 
curve sweeping from positive to negative and tlie triangles represent the MR curve sweeping from 
negative to positive. 
MR curves at different currents are presented in Fig. 4. 27. Clearly the applied current 
affects the switching behaviour of the ring elements. When the current density is lower 
than the critical current density, both transitions (fi-om the forward onion state to the 
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reverse onion state and vice versa) go through the double switching process (onion to 
vortex and vortex to reverse onion, and backwards). For the positive current, when the 
applied current is higher than 500 l^A, which corresponds to a current density of 4x10^ 
A/cm^ in the ring, the transition trom the forward onion state to the reverse onion state 
becomes a single switching process (onion to reverse onion directly), while the 
transition from the reverse onion state to the forward onion state is still through the 
double switching process. Both transitions go through the single switching process with 
an applied current of higher than 900 ^A. For the negative current, when the applied 
current is higher than 700 (lA, corresponding to a current density of 5.6x 10'' A/cm^ in 
the ring, the transition from the forward onion state to the reverse onion state goes 
through the double switching process. But the transition from the reverse onion state to 
the forward onion state goes through the single switching process. The asymmetry for 
the negative and positive currents may come from the defects in the ring. Both 
transitions go through the single switching process with an applied current of higher 
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Fig. 4. 28. Switching fields (-//cj and Hd) from the vortex state to the onion slate as a function of the 
current. 
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currents are shown in Fig. 4. 28. The switching field -Ha decreases monotonously with 
increasing the positive current, so does the switching field //c4 with increasing the 
negative current, The transition from the vortex state to the onion state is a nucleation 
process, followed by the spread of the reverse domain. According to the current induced 
domain wall drag due to spin transfer predicated by Hung and Berger [116], the electron 
flow in the same direction as the domain wall motion exerts an exchange torque on the 
constituent electrons of the domain wall, effectively promoting the spread of the reverse 
domain, which reduces the switching field {-Ha for the positive current and H^i for the 
negative current). While the electron flow in the opposite direction resists the spread of 
domain, leading to the increase of the switching field {-Ha for the negative current and 
HcA for the positive current). However, in our experiments, it is noticed that the increase 
in the switching field for an electron flow opposite to the propagation direction of the 
domain wall is smaller than the decrease in the switching field for an electron flow in 
the direction of the domain wall propagation for both -Ha and HCA-
Furthermore, it is found that the switching fields for both high positive and negative 
currents are lower than those with weak currents. This suggests that in addition to the 
direcfional spin-torque effect, there is a symmetric effect that lowers the switching field 
for the applied current regardless of the direction. As the dc current is increased, the 
symmetric effect starts to dominate and the switching field decreases. There are three 
possible mechanisms, which could explain the symmetric effect. The first mechanism is 
the hydromagnetic domain wall drag force, which is associated with the Hall effect but 
negligible in films thinner than 100 nm, so this effect was ruled out in our research. 
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The second mechanism is the Oersted field, which is not enough to force the domain 
wall transition as it Is rotational. The third mechanism is the Joule heat effect, which 
reduces the local pining force on the domain wall independent of the current direction. 
This effect may dominate in the hig^ current situation. Thus the Joule heat makes a 
contribution to the reduction of the switching field at a high current. 
It is known that the equilibrium magnetic states and magnetisation reversal processes 
are detennined by the energy minimum. Two states (onion and vortex) in the ring 
mainly come from competition between the magnetostatic (stray field) energy and 
exchange energy, which depend on the geometric parameters such as the film thickness, 
ring width and ring diameter when there is no magnetic field or current. The onion state 
shows high stray-field energy, while the vortex state shows low stray-field energy but 
high exchange energy due to the strongly twisted spins. Although (he voriex is more 
stable at remanence in our experiment, the vortex state is not observed at a current 
higher the critical current. In this situation, the nucleation of a reverse domain is more 
favourable than the depinning of a domain wall due to the spin torque transfer effect: 
the magnetisation in the ring directly switches from the forward onion to the reverse 
onion without going through the vortex state for a positive current as shown in Fig. 4. 
27 (b) and so does the magnetisation in the ring switch from the reverse onion to the 
forward onion for a negative current shown in Fig. 4. 27 (d). With a ftirther increase of 
the applied current, the thermal excitation can overcome energy barriers and force the 
ring to switch directly from the forward onion state to the reverse onion state and 
backwards without passing the vortex state. 
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4.3.1.4. Conclusion 
MR measurements have been taken on the NiFe nanoring connected to the nano stripe 
with nanoconstrictions to investigate the magnetic switching process as a function of the 
field direction and the applied current. 
For the transversal magnetic field, an enhancement in MR is observed around zero 
fields at a low current, which is due to the domain wall trapped at the nanoconstrictton. 
No enhancement is observed with the current density above 3xlO' A/cm^. But the 
magnetisation in the ring goes via the single onion-to-onion switching process 
regardless of the current value. 
For the applied field tilted away from the perpendicular direction, it is shown that the 
current has an effect on the switching fields of the magnetisation configurations of the 
ring and dierefore on the transition process. The magnetisation in the ring goes via a 
double switching process {onion - vortex - reverse onion) at a low current, but through a 
single switching process (onion - reverse onion) when the current density is higher than 
the critical current density. 
The switching field from the vortex state to the onion state decreases with increasing the 
current when the electron flow is in the direction of the domain wall propagation, while 
the opposite electron flow increases it. 
Based on Dr. Lu's experimental data, I have conducted micromagnetic simulations and 
found the detailed magnetic switching process: a double switching process for a 30° 
field, but a single switching process for a 90" field. It has also been confirmed that the 
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MR si^al can be explained by the AMR effect when the ma^etic field is in the 30° 
direction, but the enhanced MR in a 90° field may come from the domain wall scattering 
at the constrictions rather than the AMR effect. 
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43.2 Size Effect on Magnetic Switching and Interlayer Magnetostatic 
Coupling in Spin-valve Nanorings Exchange-biased by Synthetic 
Antiferro magnets 
43.2.1. Introduction 
Considerable studies of magnetic ring structures have been carried out in recent years 
due to their potential application in high-density MRAM [133, 147-148, 152-153, 
155-157, 160-161, 216-217], To date most of the work has focused on single-layer NiFe 
or Co rings. 
Compared with single layer ring elements, ring-shaped multilayer stmctures, such as 
spin-valve and MTJ structures with higher MR ratios, provide a more sensitive way of 
investigating the magnetisation configurations in the free and pinned layers. Since Zhu 
et al. achieved robust magnetic switching in the multilayer GMR rings with enhanced 
MR response [162], there has been recent interest in the magnetisation reversal in 
ring-shaped multilayer structures, e.g. spin-valve NiPe/Cu/Co/lrMn rings, 
pseudo-spin-valve NiFe/Cu/Co rings [163-170], and MTJ rings [171-172, 218]. In the 
spin-valve rings, the free layer shows a switching mechanism different from that of 
single-layer rings, which is caused by the strung interlayer magnetostatic coupling. As a 
result, they present asymmetric minor MR curves with large shifts. 
Adding a SAF structure to spin valves or MTJs is a good way to decrease the shift of 
the minor MR curve by reducing the intcriayer magnetostatic coupling, which is 
desirable for better device performance in many applications, such as MRAM, read 
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heads or ma^etic sensors. So far there are no reported data on the behaviour of 
SAF-pinned spin-valve rings, and in particular there are no investigations of the 
dependence of the magnetisation switching process on the magnetostatic couphng in 
such rings, in spite of their importance. 
Here we present a study by a combination of MR measurements and micromagnetic 
simulations of the size effect on the magnetic switching behaviour and the interlayer 
magnetostatic coupling in SAP-pinned spin-vatve rings. In our research, SAF-piimed 
spin valves were adopted to reduce the magnetostatic coupling between the free and 
pinned layers, aiming for minor MR curves with small shifts. 
4.3.2.2. Experiment 
Spin valves with a SAP structure of (substrate)/Ta (2 nm)/NiFe (4 nm) /Cu (2.5 nm)/ 
CoFe (2 nm)/Ru (0.7 nm)/CoFe (2.5 nm)/ IrMn (8 nm) /Ta (2 nm) were deposited by a 
Nordiko PVD system on a thermally oxidised Si wafer. The base pressure for the 
deposition was below 3^ lO"** Torr. The process conditions were optimized separately for 
each of the target materials. A uniform magnetic field of 50 Oe was applied in the 
substrate plane during the deposition to induce an in-plane uniaxial magnetic anisotropy 
for the ferromagnetic layers. The annealing process was undertaken at 250°C in an 
argon atmosphere in a magnetic field of 6 kOe applied along the easy axis of the free 
layer. 
Samples were first photolithographically patterned into the shape of a submicron disk 
connected with stripes and injection pads in both ends, as shown in Fig. 4. 29 (a). The 
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injection pads are connected to four large nonmagnetic electrodes (Fig. 4. 29 (b)) of Ta 
(5 nm)/Cu (100 nm)/Ta (5 nm), which serve as electrical connection pads to perform 
MR measurements with a standard four-point probe. Nanorings were then fabricated by 
focused-ion beam (FIB) from this basic structure, as shown in Fig. 4. 30. A 100 nm 
wide nanoconstriction on the right stripe was also cut by FIB. The cuts were made with 
the Orsay Physics Canion 31 Plus UHV FIB using 30 kV gallium ions (5 pA beam 
current) [189]. It needs to be pointed out that our ring structure is different from those 
used in other work, due to the special sample fabrication procedure (photolithography 
plus FIB milling) and the requirement of our MR measurement system. Such a 
geometry (injection pads, stripes and a nanoconstriction) was initially adopted for 
research into the domain wall MR in the single-layer NiFe nanorings [207, 219] and 
also used in our previous investigation of the BMR effect [220]. 
Fig. 4. 29. SEM images of (a) a submicron spin-valve disk connected to the injection pads before 
FIB patterning and (b) a device connected to fuur nonmagnetic electrodes. 
As shown in Fig. 4. 30, nanoring A has an outer diameter of 1600 nm and an inner 
diameter of 1200 nm; nanoring B has the outer and inner diameters of 600 nm and 200 
nm, respectively. The ring width is 200 nm for both types of rings. The nano stripes are 
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200 nm-wide for both nanorings, and 1000 nm and 600 nm-long for nanoring A and 
nanoring B, respectively. 
The magneto-transport properties of three types of samples, unpattemed spin-valve 
films, nanoring A and nanoring B, have been measured at room temperature using a 
4-point probe system equipped with a Keithley 2182 Nano-Voltmeter and a Keithley 
6221 AC and DC current source. The magnetic field is applied in the plane of the 
substrate along the easy axis of the films. 
Fig. 4. 30. SEM images of (a) nanoring A and (b) nanoring B connected with nano stripes (with a 
100 nm-wide nanoconstriction in the right stripe). 
4.3.2J. Results and Discussion 
The minor {low field) MR curves of the unpattemed synthetic spin valve films, 
nanoring A, and nanoring B are shown in Fig. 4. 31 (a), (b) and (c), respectively. The 
unpattemed spin valve sample has a GMR of 7.8%. A shift of-10 Oe was observed in 
the minor MR curve, which was due to the Neel coupling [173-174], also referred to as 
the "orange peel" coupling. The GMR for both nanorings is about 1.3%, which is much 
lower than that of the unpattemed spin-valve films. And the shifts of the MR curves are 
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Fig. 4. 31. Minor (low-field) MR curves of (a) unpaltenied films, (b) nanoring A and (c) nanoring B, 
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and the upper right inset shows the simulated MR curve of the corresponding nanoring, respectively. 
The lower left inset of (b) (courtesy of T. J. Hayward el a). [221]), is the minor MR curve showing a 
ahiftof 40 Oe of the Co (8 nm)/Cu 6 nm/NiFe{6nm) pseudo-spin-valve ring with the outer diameter 
of 2 \im and the width of 180 nm, 
As shown in Fig. 4. 31 (b), the minor MR curve of nanoring A exhibits four distinct 
resistance levels labelled as L|, La, Ljand L*. Starting from a positive field of 200 Oe, 
as the field sweeps from positive to negative, the first big transition occurs at a small 
negative field, leading to the first resistance plateau (Li) followed by another two 
intermediate resistance states: the second (L2) and the third plateaus (L3). The high 
resistance state (the fourth transition, L4) is observed at a field of-120 Oe. While for 
nanoring B, its minor MR curve shows only two distinct resistance levels, which are 
labeled as L|' and L2' in Fig. 4. 31 (c), respectively. These resistance levels only 
correspond to different magnetisafion configurations in the NiFe free layer, since there 
is no magnetisation reversal in die CoFe pinned layers at low field measurements. 
The large GMR ratio drop in the patterned nanoring device can be attributed to the Ga^ 
ion induced intermixing during the FIB fabrication process. As has been found, the 
high-energy Ga* ions (30 keV) are responsible for the interface intermixing and the 
reduction of interface effects like GMR [210-211], Halo ions of the outer beam profile 
hit the device and reduce the GMR effect by low-dose intermixing. Most of the halo 
ions are blocked by the 15.2 nm thick materials above the Cu spacer layer responsible 
for the GMR. The remaining GMR is still enough to monitor the different domain states 
inside the ring structure. 
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Nanorings A and B show larger shifts in the minor MR curves than the unpattemed 
films. As we know, this can be ascribed to the increase of the magnetostatic interactions 
(the vector sum of the interlayer magnetostatic coupling field and the Neel coupling 
field) between the free and pinned layers of the SAP structure. Because the Neel 
coupling is independent of the feature size [173-174], the shift difference between the 
patterned ring elements and the unpattemed films is due to an increase in the interiayer 
magnetostatic coupling as the feature size reduces after patterning [ 176]. 
It is important to examine the contribution of each CoFe layer to the total interlayer 
magnetostatic interaction. Considering the thickness difference of the two CoFe layers, 
the negative magnetostatic coupling from the thin lower CoFe layer only partially 
cancels the positive coupling from the thick upper CoFe layer, so the net coupling field 
is positive. This net coupling field favours the parallel alignment of the ft-ee layer and 
the lower CoFe layer, the same as the Neel coupling acting on the free layer. 
Based on the above analysis, the interlayer magnetostatic coupling in our SAP pinned 
spin-valve rings, especially those with an outer diameter of 1.6 \xm, is much lower than 
that of spin-valve nanorings without the SAP [163-164. 167-169]. This can be further 
verified by comparing the shift of the minor MR curve between SAF-pinned nanoring A 
(-12 Oe shift) and a pseudo-spin-valve ring (with an outer diameter of 2 |im, -40 Oe 
shift), as shown in the lower left inset of Fig. 4. 31 (b), and the much larger shift of the 
latter indicates a much higher magnetostatic coupling [221]. 
But it needs to be noted that the magnetostatic coupling rises with the decrease of the 
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ring diameter. As shown in Fig. 4. 31 (c), the shift of the minor MR curve of the small 
nanoring B is doubled compared with nanoring A, which may hint at a different 
magnetisation reversal process being responsible. 
To clarify the magnetisation reversal mechanism in nanorings of different sizes, we have 
done a 3D micromagnetic simulation of the NiFe (4 nm)/Cu (2.5 nm)/ CoFe (0.5 nm)/ 
trilayer nanoring device using LLG Micromagnetics Simulator [194]. A cell size of 10 
tun X 10 nm X thickness was used for each layer. Parameters used in the simulations for 
Permalloy were the saturation magnetisation Ms=8xlO^ emu/cm\ the exchange constant 
A=l.05x10"" erg/cm and the uniaxial anisotropy constant Ku2=1.0 xio ' erg/cm'; 
parameters for CoFe were Ms =1.5x10^ emu/cm\ A=2.05x 10"*erg/cm, Ku2=1.0 xIO* 
erg/cm^ A damping constant a of 0.5 and a GMR value of 1.3% were used in the 
computations. 
Although the whole SAF was not included in the simulation volume to save the 
computation time, a pinning field of 3000 Oe was applied to the pinned layer, and an 
interlayer coupling field (different values for different ring sizes, the same as that 
obtained in the MR measurements) between the free and pinned layers was also added 
to the input. The injection pads were included in the simulations, but only pari of them 
is shown below due to limited space. 
For nanoring A, its simulated MR curve is given in the upper right inset of Fig. 4. 31 (b), 
which agrees well with the experimental MR curve. It is seen in the low-field simulation 
that the CoFe pinned layer stays in the single domain state, which can be explained by 
the large antiferromagnetic coupling from the SAF structure. 
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Fig. 4. 32. Simulated magnetisation configurations in the NiFe free layer of nanoring A at (a) H -
115 Oe. (b) H = -IS Oe, (c) H = -60 Oe, (d) H = -102 Oe, (e) H = -112 Oe, respectively, with the 
external field sweeping from positive to negative (right to lef^ ). 
The simulation also shows that the NiFe free layer of the ring stack exhibits a 
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single-domain state at the positive saturation field. When the field decreases from the 
saturation field, the magnetisation of the NiFe free layer gradually follows the 
circumference of the ring because of the shape anisofropy. The single-domain state then 
switches to the forward onion state, where there are two head-to-head/tail-to-tail domain 
walls formed at the Joint between the ring and the nano stripes, as illustrated in Fig. 4. 
32 (a). When the magnetic field decreases and sweeps from zero to negative, the first 
sharp transiUon occurs at a low negative field, where the magnetisation of the NiFe free 
layer in the injection pads is reversed as shown in Fig. 4. 32 (b), leading to the first 
sharp step increase of the resistance (due to the antiparallel configuration with respect to 
the pinned layer), followed by the first plateau (Lj). Further increase of the negative 
field promotes the magnetisation switching in the left stripe and in the right part of the 
right stripe (between the nanoconstriction and the right injection pad), as seen in Fig. 4. 
32 (c), which corresponds to the second jump-up in resistance (L2). There is no apparent 
magnetisation switching thereafter until the negative field reaches a point where the 
domain wall depins from the nanoconstriction, leading to a complete magnetisation 
reversal of the right stripe as shown in Fig. 4. 32 (d). In addition, the vortex state is 
formed in the ring area after a reverse domain wall sweeps across the lower half-ring 
and switches the magnetisation, which begins by the expansion of the reverse domain 
from the stripe, where the MR curve shows the third jump-up in the resistance followed 
by the third plateau (L3). Eventually, a higher negative field leads to the fourth step 
increase in the resistance and the final resistance saturation state (L4), when a reverse 
domain nucleates and grows in the upper half-ring to flip the magnetisation direction, 
leading to the formation of a reverse onion state in the ring (Fig. 4. 32 (e)). As presented 
142 
above, a vortex state is seen in the free layer of the SAF-biased spin-valve nanorings 
during the magnetisation reversal when the CoFe pinned layer is in the single-domain 
state, which is very similar to what we found in single-layer NiFe nanorings [207, 219], 
but different from the behaviour of the conventional spin-valve rings without the SAF, 
where normally no vortex state is shown in the free layer unless the pinned layer is in 
the vortex state [163-164, 167-169]. We also noticed that a vortex state is still 
achievable in the free layer of the conventional spin-valve nanorings by using 
asymmetric injection pads, and applying off-axis external fields or using asymmetric 
ring geometries [165-166, 170]. 
To summarise, nanoring A shows a normal double switching process {a forward onion 
state to a vortex state, and finally to a reverse onion state). From the shift of its minor 
MR curve, we know there is a magnetostatic coupling from the CoFe pinned layers, and 
the normal double switching process with the vortex state shows that such a coupling is 
small in this large nanoring. 
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Fig, 4. 33, Simulated magnetisation configurations in the NiFe free layer of nanoring B at (a) H = 
150 Oe, (b) H = -33 Oe, (c) H = -146 Oe, when the external field sweeps from positive lo negative. 
For nanoring B, the simulated MR curve is also consistent with the experimental one, as 
shown in the inset of Fig. 4. 31 (c). Its simulated magnetisation switching process (see 
Fig. 4. 33) of the NiFe free layer is different from that of nanoring A, as expected from 
their different experimental MR curves. Starting from the positive saturation, at the 
beginning of the magnetisation switching, nanoring B behaves similariy to nanoring A. 
When the field decreases from the positive saturation to zero, nanoring B switches from 
the single-domain state to the forward onion state in Fig. 4. 33 (a), showing two 
head-to-head/tail-to-lail domain walls. The first sharp increase of the resistance is also 
observed at a low negative field, corresponding to the magnetisation reversal in the 
NiFe free layer of the two injection pads (Fig. 4. 33 (b)). However, due to the strong 
magnetostatic interaction between the free and pinned layers caused by the small 
diameter of nanoring B, it is too hard for the reverse domains in the NiFe free layer to 
expand quickly at a low field. Consequently, over a wide field range, there is no abrupt 
resistance change (or intermediate vortex state as seen in nanoring A). Instead, it shows 
a slow and continuous increase in the resistance (a gradual, upward slope Lj, which is 
highlighted with a circle in Fig. 4. 31 (c)). Once the field is high enough to overcome 
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the magnetostatic interaction, the reverse domains in the NiFe free layer quickly initiate 
the expansion into the nano stripes. The strong negative field also promotes the 
annihilation of domain walls at the constriction, followed by the formation of a reverse 
onion state in the ring: reverse domains quickly nucleate and sweep across the ring, and 
the magnetisation direction is switched to negarive. As a result, the previous 
head-to-head/tail-to-lai 1 domain walls annihilate and the reverse tail-to-tail/head-to-head 
domain walls form at the joint between the nano stripes and the ring, which is shown in 
Fig, 4. 33 (c). At this point, the resistance quickly jumps up to the saturation state (Li), 
showing the second sharp increase in the resistance. 
In summary, nanoring B exhibits a single onion-to-reverse onion switching process 
without the vortex state, which is different from the behaviour of nanoring A, but 
comparable to that of the conventional spin-valve nanorings without the SAF [163-164, 
167-169]. Such a similarity is obviously caused by the increased interlayer 
magnetostatic interactions in a small nanoring. 
As described above, there is a dependence of the magnetic switching behaviour on the 
ring diameter. For a large diameter (nanoring A), the double transition process (onion -
vortex - reverse onion) occurs, due to a weak interiayer magnetostatic coupling; but for 
a small diameter (nanoring B), the single transition process (onion - reverse onion) 
appears, and no vortex state exists because of a much stronger magnetostatic coupling. 
It can be seen that the interiayer magnetostatic coupling increases with a reduction of 
the ring diameter. The reason lies in two mechanisms. Firstly as the ring diameter 
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decreases, magnetic moments cannot exactly follow the perimeter of the ring due to the 
decrease of the circumferential shape anisotropy, leading to an enhancement of the 
magnetostatic coupling from the ring edge [176]. Secondly when the ring becomes 
smaller, the stray field from the domain walls in the pinned layers becomes more 
important. 
It needs to be noted that the interlayer magnetostatic field is very non-uniform across 
the area of the ring. This magnetostatic field is minimised in the flux-closure vortex 
state. But in the onion state, the magnetisafion is not parallel to the edge and there are 
two head-to-head/tail-to-tail domain walls, leading to surface charges. This causes a 
large magnetostatic field near the ring edge/domain walls, and this field decreases 
rapidly with increasing distance from the ring edge/domain walls, as found by M. 
Laufenberg et al. [222]. 
As we know, it is the interlayer interaction between the free and pinned layers of a 
spin-valve structure which causes a shift in the minor MR curve, so that nanoring A 
shows a small shift in the minor curve can be explained by a weak interlayer 
magnetostatic coupling, due to its large ring diameter, as discussed above. 
As small nanorings are preferred for high-storage density MRAM, increasing the ring 
diameter is not the ideal way to drop the interlayer magnetostatic coupling for smaller 
shifts of the minor MR curves. It is well understood [175] that there are two other 
opfions when adding the SAF structure to the spin-valve rings to reduce the 
magnetostatic coupling: one is to minimise the thickness difference in the two CoFe 
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layers for a lower net magnetisation and a smaller effective CoFe thickness, resulting in 
the lower magnetostatic interaction; the other is to make the upper CoFe layer a little 
thinner than the lower layer, so that the polarity of the net magnetostatic coupling from 
the CoFe layers is flipped to favour the antiparallel alignment of the free and pinned 
layers. Thus the negative magnetostatic coupling can be used to compensate the Neel 
coupling (favouring the parallel alignment), aiming for a near-zero net coupling field. 
To summarise, we have investigated the effect of the ring size on the magnetic 
switching process of the SAF-pinned spin-valve nanorings, and found a strong 
dependence of the interiayer magnetostatic coupling on the ring diameter. 
In addition, we noticed in our experiments that the injection pads also contribute to the 
magnetoresistance, resulting in the first sharp resistance transition on the MR curve. To 
check whether the unique switching behaviour of SAF-pinned nanorings is caused by 
the injection pads, we carried out turther simulations of isolated SAF-pinned rings 
without injection pads. As shown in Fig. 4. 34 (a-c) and (d-e), respectively, the large 
isolated ring shows a double switching process with a vortex state, and the small one 
shows a single switching process with no vortex state. The simulation results confirm 
that the isolated rings behave in the same way as the rings with injection pads. It can 
therefore be inferred that although the symmetric injection pads may have a small effect 
on the magnetic switching of the nanoring, the switching behaviour of the ring is more 
determined by the interiayer magnetostatic coupling, which depends on the ring 
diameter. 
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Fig. 4. 34. Simulated magnetisation configurations in the NiFe free layer of{a-c) isolated nanoring A 
and (d-e) isolated nanoring B without the injection pads with die external field sweeping fi'om 
positive to negative (right to left). 
4.3.2.4. Conclusion 
In this work, a detailed picture of the magnetic switching behaviour of the synthetic 
spin-valve nanorings connected to nano stripes with a nanoconstriction has been given 
by a combination of MR measurements and 3-D micromagnetic simulations. The 
SAF-pinned nanoring devices exhibit asymmetric minor MR curves with different 
resistance levels, corresponding to different magnetisation configurations in the NiFe 
free layer, as clarified by the micromagnetic simulations. The magnetic reversal 
behaviour is influenced by the magnetostatic coupling as a function of the ring diameter. 
Large nanorings exhibit a double (onion - vortex - reverse onion) switching process, 
while small nanorings show a single (onion - reverse onion) switching process due to 
the strong magnetostatic coupling between the free and pinned layers. The interlayer 
magnetostatic coupling, which leads to a shift of the minor MR curve, is ring size 
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dependent. The large SAF-pinned spin-vulve nanoring presents a smaller shift in the 
minor MR curve than the small nanoring. 
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4.4 FIB Nanofabrication and In-situ Magneto-transport 
Measurement of Thin NiFe Film Nanoconstrictions 
This section presents the collaborative work with Hamburg University on the FIB 
fabrication and in-situ magneto-transport measurement results of elements containing 
nanoconstrictions of controlled dimensions. The experimental resuhs were analysed in 
combination with the micromagnetic simulations. The author would like to thank the 
Hamburg group, especially Mr. Daniel Stickler, for the FIB nanofabrication, in-situ MR 
measurements, SEMPA observations and some valuable discussions. 
4.4.1 Introduction 
A reduction of domain wall (DW) width has been predicted in nano-scaled constrictions 
[10]. Controlling and manipulating domain walls are of considerable interest because of 
the relevant physics phenomena and the potential for applications such as magnetic 
logic and memory devices. From this point of view, it is critical to understand the 
magnetic structure of the domain wall and its contribution to the resistivity of a 
magnetic device. 
Experiments on domain wall MR showing a positive effect have been studied on 
different ferromagnetic structures, e.g. thin films [223], constricted wires [214, 224] 
nanowires and micro-sized elements with a nanoconstriction [225]. 
Also of interest in this field is the possibility of pinning domain walls at constrictions 
and depinning them using a magnetic field or a current. We introduced a 
nanoconstriction to a submicron NiFe stripe by FIB milling, which then allowed us to 
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control the domain wall motion at the constriction, so that the resistance difference 
could be detected when the domain wall pins and annihilates at the constriction with the 
magnetic field sweep. 
Based on photolithography pre-pattemed submicron NiFe stripes, the fabrication of 
nanoconstrictions in the CIP geometry was carried out with the Hamburg FIB system. 
Such a nanoconstriction made from the pre-pattemed NiFe stripe is shown In Fig. 4. 35. 
In the following magnetoresistance measurements only the conventional AMR effect 
was observed, as shown in Fig. 4. 36 (a). This reveals that the domain wall is hardly 
pinned at such a structure due to the very short length and the large angle (9-90*, as 
shown in Fig. 4. 35 (a)) of the nanoconstriction. Our results are consistent with 
micromagnetic simulations performed by G. D. Li et al. [226], which shows that no 
domain wall is pinned in similar devices with a large angle when the applied field is 
along the main axis of the NiFe stripe. In addition, the AMR contribution from the 
micro-sized NiFe stripe could mask any small MR contribution from the domain wall. 
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Fig. 4. 35, (a) SEM image of an FIB fabricated nanoconstriction, which was made by milling a line 
from left and right of a pre-pattemed NiFe stripe, (b) A magnified SEM image reveals (he ditTereni 
milling cycles. A( tirst Ihe broad structure was milled to remove the NiFe material. After that the 
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sharp lines were milled to prevent any by-pass resistance. 
The structures were changed accordingly. The pre-pattemed structure, as well as the 
geometry of the constriction, was modified. The new nanoconstriction is longer and has 
a smaller constriction angle, as shown in the inset of Fig. 4. 36 (b). With such new 
structures we found possible evidence for the magnetoresistance due to the domain wall 
pinned at a nanoconstriction, which is shown in Fig. 4. 36 (b). For more details, please 
refer to section 4.2.1. 
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Fig. 4. 36. MR curves of submicron NiFe stripes with (a) a short nanoconstriction with a large angle 
(90°) and (b) a constriction with a small angle of 45" (modified geometry). 
During the first investigations a major problem with the small constriction was the 
instability due to contamination and oxidation. It was believed that the heat and static 
discharge caused the destruction of the constriction when current was driven through the 
thin film structure during the MR measurements. Also the smaller the constriction was, 
the more unstable due to oxidation it became. This issue was discussed with our 
partners, and we decided to change our strategy. 
We expected a significant improvement would be made by employing a UHV in-situ 
experiment, in which both the structure fabrication and the MR measurements are 
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performed in-situ. This measure was expected to prevent contamination and oxidation 
of the nanoconstriction. Additionally it allows for a parallel production of a large set of 
different nanoconstrictions on one thin film sample. The idea was implemented into the 
Hamburg FIB/SEM dual beam system with a micromanipulator, which allows in-situ 
resistance measurement of the nanoconstriction device. 
A side view of this dual beam system is shown in Fig. 4. 37. The FIB column is 
mounted in the vertical position pointing downwards, while the SEM column is 
arranged at --58° to the vertical direction. FIB is used to create the submicron 
ferromagnetic structure with a nanoconstriction by milling out the blanket film. The 
fabrication process and the micromanipulator steering are controlled via SEM. The 
micromanipulator is attached to tlie frame of a goniometer stage. 
For the in-situ MR measurement, the thin film sample is set between two pole pieces of 
a self-made electromagnet, as shown in the inset of Fig. 4. 37. A very thin tungsten wire 
(-diameter of 25 |jm) with a sharp tip {-diameter of 300 nm) is welded to the end of the 





Fig. 4. 37. A side view of Ihe interior of Ihe FIB/SEM dual beam system, and the insel shows a thin 
tilm sample set belween the two pole pieces and the end of the micromanipulator witii an attached W 
wire (Courtesy of D. Stickler). 
The size dependent resistance and magnetoresistance of FIB fabricated 
nanoconstrictions have been successfully investigated by utilising this new tool. 
4.4.2 Experiment 
A 30 nm thick NiFe film with a 3 nm Pt capping layer is first deposited on an insulating 
substrate. The following experiments, including the FIB fabrication and in-situ MR 
measurements (one measurement is" shown in Fig. 4. 38 (a)) were peiformed in the 
UHV dual beam system, The investigated structure is a nanoconstriction between two 
elliptical NiFe electrodes. The two elliptical shaped elements each have a major axis of 
7 |im and minor axes of 3 jim and 4 ^m. respectively (see Fig. 4. 38 (b)). The two 
ellipses have an overlap of 200 nm, and the connection has been cut into a 
nanoconstriclion with the width ranging from 80 rmi to 200 nm. There is a small 






Fig. 4. 38. (a) Sketch image of the in-situ MR measurement system, where the current flows from 
the micromaniputalor tip to the blanket film (which is grounded during the measurement setup stage 
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to prevent charging and high discharge currents Ihat could damage the nanoconstriction, but the 
grounding is removed atterwards) through a nanoconstriction; (b) SEM image of the FIB patterned 
elliptical electrodes connected by a nanoconstriction (Courtesy of D. Stickler). 
The elHpse geometry of the magnetic electrodes was designed so that their 
magnetisations can be reliably controlled between the antiparallel and parallel 
configurations [227]. In the micromagnetic simulation of this geometry, it was found 
that the local magnetisations on opposite sides of the constriction region are in the 
antiparailei state with a domain wall trapped in the constriction region at a small reverse 
field, although the vortex states are shown in the elliptical electrodes. For sufficiently 
high external fields, both electrodes are aligned parallel to the field. 
This was double checked and verified by scanning electron microscopy with 
polarisation analysis (SEMPA) and MFM. SEMPA images were taken at remanence 
after the Pt capping layer removed by ion-milling, as SEMPA cannot image surfaces 
when the magnetic field is applied to the sample. Our SEMPA is able to measure both 
perpendicular and in-plane components of the magnetisation with a high resolution of 
10 nm. The domain patterns in such ellipses are shown in the Fig. 4. 39 (a-c). 
Fig. 4. 39. Domain images of the ellipses: (a-b) two SEMPA images display the magnetisation 
distribution in two perpendicular magnetisation components. The arrows indicate the magnetisation 
sensitive axes, (c) An MFM image of the same structure (Courtesy of D, Stickler), 
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NiFe/Pt resistivity values have been measured in-situ on a 2 x 4.2 pm* stripe structure. 
The resistivity of the 30 nm NiFe/3 nm Pt bi-layer is p = 52.8 ± 1.8 nfl.cm, and the 
resistance change is Ap = 0.58 ± 0.03 pii.cm, so the magnetoresistance is MR = 1.1 ± 
0.1%. 
For each nanoconstriction device, two different in-situ MR measurements need to be 
taken. For the first MR measurement, the centre of the small ellipse is contacted via a 
micromanipulator tip [189]. The current is driven through the patterned constriction to 
the blanket film, which is grounded and serves as the second electrode (Fig, 4. 38). A 
magnetic field of up to 300 Oe can be applied within the film plane. To extract the 
resistance and MR of the nanoconstriction, the tip is then placed on the big ellipse for 
the second measurement, so that the difference between the two measurements almost 
only indicates the resistance Rnc and the resistance change dR|,c of the nanoconstriction, 
although there is a small contribution from part of the two ellipses. 
4.4.3 Results and Discussion 
Fig. 4. 40 shows the magnetoresistance measurements of one sample with a 1:1 aspect 
ratio (AR = width/1 ength^SO nm/80 nm) nanoconstriction. The external field is applied 
parallel to the major axis of the elliptical elements (along the x axis shown in Fig. 4. 40 
(d)), so the current (along the y axis) is flowing perpendicular to the magnetisation at 
high magnetic fields. The MR curve (Fig. 4. 40 (c)) is the difference between the first 
measured MR curve (Fig. 4. 40 (a)) with the tip on point 1 (the current through the 
nanoconstriction) and the second measured MR curve (Fig. 4. 40 (b)) with the tip on 
point 2 (no current through the nanoconstriction). These MR curves show that 
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approachmg from the positive field, the MR curve (Fig. 4. 40 (a)) shows a sharp 
increase of the resistance at a field of-80 Oe, and a steep decrease of the resistance at a 
reverse field of-125 Oe. The extracted resistance difference, or the extracted MR curve 
(Fig. 4. 40 (c)), which almost only reflects the resistance of the constriction, shows two 
similar sharp resistance changes, but there are no sharp MR peaks around the zero fields. 
The resistance change of 0.15 Q is very close to the expected value of 1.1% of the 
nanoconstriction resistance -16 fi (the estimated resistance is 16 fl for an 80nm x 80nm 
constriction if using the resistivity of 52.8 |jii.cm) considering die AMR effect. 
The resistance difference extracted from the two measurements is 47.6 Q, so that the 
resistance of part of the two ellipses (-31.6 Q), which contribute to the extracted MR 
curve (from the end of the constriction to the tip contact position in the ellipse), is 
almost twice the resistance of the constriction (-16 O). 
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Fig. 4. 40. The two MR curves (a) and (b) were obtained when the micromanipulator was positioned 
on the small and the large ellipses, respectively; (c) is the extracted MR curve from the first two 
curves (a-b). The blue and red arrows indicate the sweep sequence of the external field, (d) SEM 
image of two ellipses connected with an 80 nm wide nanoconstriction (Courtesy of D. Stickler). 
Because the sharp resistance rise in Fig. 4. 40 occurs half way between the saturation 
field and the zero field, when there Is no obvious magnefisafion reversal (e.g. no vortex 
state) in the ellipses, it is expected that the sharp resistance rise is due to the 
magnetisation rotation of the nanoconstriction area from perpendicular to parallel to the 
current. Similarly, the magnetisation jumps back to the direction perpendicular to the 
current when the reverse field is high enough, corresponding to the sharp drop of the 
resistance. 
Fig. 4.41. SEMPA images of two ellipses connected with an 80 nm wide nanoconstriction (Courtesy 
of D. Stickler), 
To clarify the magnetic switching mechanism behind, the magnetic domain structure of 
an 80 nm wide nanoconstriction connected with two ellipses was imaged at remanence 
with SEMPA. For the SEMPA observations, a positive saturafion field was first applied 
along the x-axis, and then switched to a small reverse field of-30 Oe (to introduce the 
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vortex states into the ellipses without switching the magnetisation of the 
nanoconstriction) before it was switched off. SEMPA images in Fig. 4. 41 show that the 
vortex states exist in the elliptical electrodes at remanence. Because the vortex states of 
two ellipses have the same rotation sense, a 180° domain wall is formed in the 
constriction, which is seen as a small yellow area between the red and green domains of 
the ellipses, indicating that the magnetisation of the constriction is aligned to the y-axis. 
This verifies the magnetisation rotation from the x-axis to the y-axis in the 
nanoconstriction area when the positive field is lowered. 
(1) Micromagnetic Simulations 
To clarify the magnetisation switching mecharusm In the above structures, we've done 
some micromagnetic simulations with LLG Micromagnetics Simulator. The cell size is 
10 nm xlO nm. The intrinsic parameters of NiFe used here are the saturation 
magnetisation Ms=8xlO^ emu/cm', the exchange constant A=I.05x10"''erg/cm and the 
uniaxial anisotropy constant ICu2=1.0 xlO^ erg/cm"'. This yields an exchange length 
I =-JA/ M' ~ \3 nm, so the above cell size is sufficiently small. Part of the blanket 
film was included in the simulations. 




Fig. 4. 42. (a) Simulated MR curve of the 80 nm x 80 nm nanoconstriction area between the two 
elliptical electrodes, and (b-g) are the simulated magnetisation configurations (coiresponding to 
different resistance states on the simulated MR curve, as indicated by the arrows) of the whole 
device when the applied field sweeps from right to left. 
As shown in Fig, 4. 42 (a), the simulated MR curve of the 80 nm x 80 nm 
nanoconstriction area qualitatively agrees with the extracted MR curve in Fig. 4. 40 (c). 
Fig. 4. 42 (b-g) shows the evolution of the magnetisation configurations in the two 
elliptical electrodes connected by an 80 nm x 80 nm nanoconstriction when the external 
magnetic field sweeps fi-om positive to negative (fiom right to left) along the x axis. 
During the simulation, the device is first saturated at the positive saturation field (- 250 
Oe), when the magnetisation of the constriction is aligned to the external field, as shown 
in Fig. 4.42 (b). When the field decreases to a lower value {-100 Oe), the magnetisation 
of the constriction quickly tilts to the y axis (corresponding to the resistance jump-up in 
Fig. 4. 40 (c)), leading to two 90° domain wails inserted into the constriction as shown 
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in Fig. 4.42 (c). When the field reverses, the vortex states gradually evolve in the ellipses: 
first the vortex state appears in the big ellipse (Fig. 4. 42 (d)), as the connected blanket 
film facilitates the magnetisation reversal of the big ellipse, followed by the formation 
of the vortex state in the small ellipse, leading to a 180° domain wall formed in the 
constriction (Fig. 4. 42 (e)), which separates the two elliptical electrodes with the local 
magnetisations on the opposite sides of the constriction region in the antiparallel 
alignment. When the reverse field rises more, the two ellipses finish the magnetisation 
switching, resulting in the formation of the reverse single-domain state for both (Fig. 4. 
42 (f)); meanwhile the 180° domain wall disappears, and two 90° domain walls appear 
again in the constriction area. When a higher field is reached {- 130 Oe), the 
magnetisation of the nanoconstriction quickly rotates back to parallel to the external 
field (Fig. 4. 42 (g)), leading to a sharp drop of the resistance. As stated above, the very 
sharp resistance rise/drop in Fig. 4. 40 (c) is caused by the fast magnetisation rotation in 
the nanoconstriction area. 
Because the nanoconstriction size is much larger than the electron mean free path and 
part of the elliptical electrode is included in the resistance measurement, it was expected 
that the AMR effect is the dominating source of the magnetoresistance. As we know, 
AMR originates fi-om the spin-orbit coupling [23] and is observed as an angular 
variation of the resistance with R « cos^ O, where 0 is the angle between the local 
magnetisation and the current direction. The AMR effect causes a decrease in resistance, 
when the magnetisation components are perpendicular to the current in the sample. 
Conversely it results in a resistance rise when the magnefisation components are parallel 
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to the current. Because of the AMR effect, the fast 90° rotation of die constriction 
magnetisation can lead to the sharp rise/drop in the resistance, considering all the 
current flows through the nanoconstriction, as shown in the extracted MR curve of Fig. 
4. 40 (c). 
In a series of experiments we have investigated the magnetoresi stance as a function of 
the constriction width, both 130 nm and 180 nm. and their MR curves are shown in Fig. 
4. 43 (a-d). The resistance values of the wider constrictions scale with their widths, 
which are -9.2 Q and -7.5 fl for 130 nm and 180 nm wide constrictions respectively, as 
the resistance contribution from the ellipses stays almost the same {~31 CI). 
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Fig. 4. 43. The MR curves of two ellipses connected with (a) a 130 irni wide nanoconstriction and (c) 
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a 180 nm wide nanoconstriclion, respectively, when the micromanipulator was positioned on the 
small ellipse. Curves (b) and (d) are extracted MR curves after excluding the contributions from the 
ellipses (Courtesy of D. Stickler). 
As shown in Fig. 4. 43 (b), the resistance jumps appear at near zero fields, which is 
reasonable considering the higher aspect ratio (1.6: 1) of the 130 nm x 80 nm 
constriction. As the aspect ratio {AR) increases, the shape anisotropy rises with the 
preferred direction along the x-axis, so the magnetisation of the nanoconstriction does 
not show a fast rotation to the y-axis until near zero fields. It can also be found that the 
resistance rise is less obvious than the drop for the 130 run x 80 nm constriction. 
But there are no sharp resistance jumps for the 180 nm x 80 nm constriction device, as 
shown in Fig. 4. 43 (d), due to its much higher aspect ratio -2.2:1. resulting in a slow 
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Fig. 4. 44. Resistance and maximum resistance change of nanoconstrictions against the nominal 
constricEion width. The blue rectangles indicate the resistance, and the red dots show AR of the 
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constriction when sweeping the magnetic field {Courtesy of D. Stickler). 
The whole set of experimental data is put together in Fig. 4. 44 which shows the 
constriction resistance as function of the constriction width (blue rectangles). As one 
would expect, we find the resistance of the constriction scales inversely with its width, 
which is consistent with the domain-wall scattering theory [95]. The maximum 
resistance change AR (red dots) increases when decreasing the nominal constriction 
width from 200 nm to 100 nm (due to the Gaussian distribution of the ions in the beam, 
the constriction is actually about 20 nm smaller than the number given in Fig. 4. 44). 
The increase in AR is probably due to the change of the domain wall structure as the 
latter is dependent on the constriction dimension, Further investigation of domain wall 
properties will be presented later. 
Further decrease of the nominal constriction width leads to a drop in AR, especially 
when it is below 50 nm. The same trend is also found for the MR of the constrictions. 
As shown in Fig. 4. 45, the experimental MR peaks at the constriction width of 180 nm 
(MR -0.4%, corresponding to a resistance of -40 il) and decreases as the constriction 
width drops, especially for the sub-30 nm one (MR <0.05%, corresponding to a 
resistance > 100 fl). 
This is in contradiction to other recent experiments [13, 214], Levy-Zhang domain-wall 
scattering theory [95] and BMR theories [209, 228-229], which predicted a positive 
contribution of the domain wall to the resistance change in a nanoconstriction structure, 
which increases rapidly when approaching the ballistic transport regime, where the 
constriction dimension is smaller than the electron mean-free path, typically around 5 
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Fig. 4. 45. Resistance change and MR of constrictions against constriction resistance (Courtesy of D. 
Sticicler). 
In particular the big drop (Fig. 4. 44) of AR in the smallest (sub-30 nm) constrictions 
needs to be noticed. The magnetoresistance curves of the liny constrictions (Fig. 4. 46) 
do not show any feature that is related to the effect of the decrease of the constriction 
width. The MR measurement exhibits only the normal AMR characteristics of a 
high-resistive constriction device. 
One possible explanation is that in the smallest constriction the remaining material is no 
longer purely ferromagnetic due to the Ga* ions induced interface intermixing, which 
has damaged the magnetic properties of the tiny nanoconstrictions. The second 
possibility is that the domain wall structure has changed because the aspect ratio of the 
constriction has reversed in the smallest constriction. But it was found in simulations 
that the smallest constriction shows almost the same MR as the wide constrictions. This 
confirms that it is the Ga* ions implantation railier than the aspect ratio that has caused 
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Fig. 4. 46, MR curves of a sub-30 nm nanoconstriction device measured (a) across the constriction, 
(b) without crossing the constriction, which show the same characteristics {Courtesy of D. Stickler). 
(2) Domain Wall Width and Profile 
Bruno [10] has provided the following definition of the domain wall width w: 
w =^ £ 
-12 
o{y) 
y - l 
<y\ (4.1) 
where 0{y)is the rotation angle of the magnetisation and 9{y)=' dO / dyior a domain 
wall in the y direction. The prefactor is chosen so that this definition results in 
WQ = 2-JA/K for a domain wall in an unconstrained geometry, where A is the 
exchange stiffness, and K. is the uniaxial anisotropy constant. On reducing the lateral 
dimensions, the domain wall width is more determined by the constriction geometry 
rather than the material parameters [230-232]. 
We have used definition (4.1) to compute the domain wall width in the nanoconstriction 
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between the elliptical electrodes based on the simulation data we have collected. The 
magnetisation distributions of the nanoconstriction at fields, where a domain wall is 
pinned in the constriction (the vortex states are shown in the two electrodes), were used 
to calculate the width of the domain wall. The domain wall profiles and their respective 
widths are shown in Fig. 4. 47. 
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Fig. 4. 47. Simulated domain wall protlies in constrictions as a ftjnction of the y position in the 
constriction area. Each DW profile was achieved by plotting M,/M, along the central line of 
constriction (along the y-axis direction, as indicated by the dashed line in Fig. 4. 48 (c)). 
All the constrictions we have studied have the same constriction length of 80 nm, but 
have widths varying from 20 nm to 180 nm. A reduction of the domain wall width is 
seen with decreasing the constriction width, and the smallest domain wall width is 94 
nm for the 20 nm x 80 nm constriction. 
For a constriction with the width not greater than the length (80 nm), it seems more 
energetically favourable for the magnetisation of the constriction to split into two 90° 
domain walls when the vortex states are observed in the electrodes, as indicated by the 
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domain wall profiles in Fig. 4. 47, which is in agreement with [225, 233]. In addition, as 
illustrated in Fig. 4. 48 (a-d). there are two 90" domain walls and an intermediate 
domain in the constriction area, and the latter shrinks with increasing the constriction 
width. When the constriction width increases to 100 nm, a single 180° domain wall is 
formed in the constriction as indicated by the domain wall profile in Fig. 4. 47, and 
there is no obvious intermediate domain seen in Fig. 4. 48 (e). But once the constriction 
width is 130 nm or greater, a complex vortex domain wall is formed in the constriction. 
The domain wall deforms inwards in the constriction centre (small domain wall width) 
but expands at the constriction edges {large domain wall width) to minimise the total 
energy in the constriction, as shown in Fig. 4. 48 (f-g). Vortex domain walls have been 
experimentally observed in the NiFe and Co systems [231, 234]. 
As presented above, significant changes in the domain wall profile/width have been 
found in the simulations. Surprisingly, there are almost no obvious changes in the 
simulated MR, which varies between 0.25% and 0.26%, when reducing the constriction 
width from 180 nm to 20 nm. 
The above domain wall width calculations were carried out using not only the 
dimensions of the fabricated nanoconstrictions but also smaller dimensions (especially 
smaller lengths), which is achievable with the FIB nanofabrication. It was found that the 
domain wall width can be reduced to -28 nm for a 20 nm x 20 nm constriction, so not 
only the width but also the length of the constriction affects the domain wall width. 
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Fig. 4. 48. Simulated domain wall configurations in the constrictions with different widths: (a) 20 
nm, (b) 40 nm, (c) 60 nm. (d) 80 nm, (e) 100 nm, (0 130 nm and (g) 180 nm, when the vortex 
domain states are shown in the elliptical electrodes. 
So far, we have not found any evidence of large MR values. There could be some 
reasons for this. Firstly, it is certain that the domain wall structure is determined by both 
the width and the length of the constriction. Secondly, the magnetisation configuration 
with a sharp domain wall {when the DW width is much smaller than the wavelength of 
electrons at the Fermi surface) pinned at the nanoconstriction turns out to be the 
exceptional case [15, 235]. Thirdly, reaching the ballistic regime is prevented by the 
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reduction in the electron mean free path due to the enhanced surface scattering at the 
nanoconstriction [236], In addition, we have to take into account the effect of the Ga^ 
ion implantation that is detrimental to the magnetisation of magnetic devices, which is 
much worse with the decrease of the constriction width. 
4.4.4 Conclusion 
In summary, in-situ MR and domain wall properties have been investigated in the 
nanoconstriction devices. We were able to measure the MR of the domain wall in the 
constriction as a fiinction of the constriction width. 
Spin-valve like sharp transitions were observed on the MR curves in the 80 nm/130 nm 
wide nanoconstriction devices superimposed on the normal AMR curves, which may 
indicate the existence of BMR or DWMR. However, our analysis of the results by 
micromagnetic simulations and SEMPA domain observations concluded that these sharp 
MR transitions originated from the AMR effect, due to the fast magnetisation rotation in 
the nanoconstriction. This switching behaviour vanishes for constrictions wider than 
~130 nm due to changes in the shape anisotropy, and does not exist in sub-30 nm 
constrictions, probably due to the Ga"^  ions implantation. 
Experimental MR peaks at the constriction width of 180 nm and decreases as the 
constriction width drops, especially for the sub-30 nm one. This is in contradiction to 
other recent experiments, domain-wall scattering theory and BMR theories. Conversely, 
the simulated MR magnitude is almost constant in spite of the significant changes in the 
domain wall profile/width when varying the constriction width from 20 nm to 180 nm. 
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Thus the reduction of MR in the smallest constrictions could be caused by the Ga^ ion 
implantation damage, which is much worse with the decrease of the constriction width. 
To summarise, it is essential to further decrease both the width and length of the 
constriction and at the same time lower the Ga^ ion implantation to realise large MR 
values in the ballistic regime. However, this is beyond the capability of the current FIB 
technology. 
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4.5 CPP Nanoconstriction Devices on SiN, Membranes 
4.5.1 Introduction 
So far, most work, searching for the BMR effect, has been focused on CIP 
(current-in-plane) type nanocontacts fabricated by electrodeposition, e-beam 
lithography, and focused-ion-beam (FIB) etc. Only very limited work has been done on 
CPP (current-perpendicular-to-plane) structures [237-238], especially spin-valve based 
multilayer CPP nanocontacts. 
Fig. 4. 49. Si wafers with a window coaled with SiNj membranes. 
In our research, FIB was utilised to dig a nano-sized pinhole {diameter d= 20-50 run) in 
a SiNs membrane (as shown Fig. 4. 49) for the fabrication of CPP spin valve 
nanocontacts. Then multilayer film stacks were deposited on both the front and back 
side of the SiN^ membrane to fill the pinhole and form a spin-valve structure, e.g. 
FM,/(SiN0/FM2/AF/electrode or FMi/(SiN,)/Cu/FM2/AF/electrode, which creates a 
multilayered magnetic nanoconstriction. When a current flows through such a device, 
the current is concentrated in the constriction area due to its high resistance. As a result, 
if the nanoconstriction is small enough, only two domains may contribute to the 
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magnetoresistance of the device, one from each FM layer. Since one metallic electrode 
is deposited on each side of the membrane, the CPP geometry is formed with the current 
flowing perpendicularly through the layers. The new idea of our CPP nanocontacts is to 
fix the magnetisation of one FM layer (pinned layer), and apply a small field to flip the 
other FM layer (free layer), so a 180° domain wall is trapped in the nanocontact when 
the antiparallel magnetisations formed at its two sides. This type of nanocontact 
structures is very suitable for the research of the BMR effect and domain wall MR 
effect. 
This section will present some current-perpendicular-to-plane (CPP) MR measurements 
on single-layer NiFe and multilayer spin-valve nanocontacts. 
4.5.2 Experiment 
Commercial Si wafers (3x3 mm^ and 5x5 mm" in size) with a window of 10 x 10 \im^ in 
the centre, which was coated with a SiN, membrane (Fig. 4. 49), were used as substrates 
for the fabrication of CPP nanoconstrictions. FIB milling was utiHsed to mill a 
nano-sized pinhole through the SiN^ membrane. A NiFe/Ta film stack was first 
deposited through the pinhole on one side of the wafer using a Nordiko 9550 deposition 
system, and then a CoFe/IrMn/Ta/Cu/Ta stack deposited on the other side after 
pre-sputter cleaning the surface of the first NiFe layer, as indicated in Fig. 4. 50. In 
order to achieve the deposition onto both sides, the wafers have to be taken out of the 
vacuum chamber and are reloaded after one-side deposition. A special mask was used to 
shield the edges of the wafer from film deposition so that there is no shunting current 
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between the top and bottom film stacks and a current flows perpendicular through the 
layers during the MR measurement. 
Fig. 4, 50, Schematic images of the CPP nanoconstricHon fabrication in SiN, membranes: (a) FIB 
fabrication of a nano-sized pinhole in the membrane, (b) (FM]) film deposition on one side of the 
membrane, (c) (FM2+AF) film deposition on Ihe other side of the membrane. 
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Fig. 4. 51. Schematic diagram of the four-point probe CPP MR measurement of nanoconshiclions. 
The MR measurements were carried out with the four-point probe method using silver 
paint to make the necessary electrical cormections, as shown in Fig. 4. 51. The 
magnetotransport properties were measured at room temperature using a Keithley 2182 
Nano-Voltmeter and a Keithley 6221 AC and DC current source. 
4.5.3 Results and Discussion 
The above experiments have been carried out on wafers with two different SiN^ 
membrane thicknesses, 100 nm and 30 nm, respectively. For samples fabricated on the 
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100 nm-thick SiN^ membranes, it was found that they were non-conducting during the 
MR measurement. The most likely reason is that the aspect ratio of this kind of pinholes 
is so high that the deposited film stack cannot fully fill the pinhole, where voids may 
exist in the pinhole. It is well known that it is hard for traditional techniques such as the 
standard PVD deposition to void-tree fill a high aspect ratio nano-sized via or pinhole. 
However, due to the very small size of the pinholes, it is not possible to visually check 




Fig. 4. 52. MR curve of a CPP nanoconstriction (front side: NiFe 30nm/Ta 4nm, back side: CoFe 
6nm/IrMn ISiun/Ta 4iim/Cu 30niTi/Ta 5nm) in the SiN^ membrane. 
While using the 30 nm-thick membranes, all nanoconstriction devices were conducting. 
Fig. 4. 52 shows one MR curve (MR - 0.1%) measured on a nanoconstriction with a 
stack of NiFe 30nm/Ta 4nm on one side and a stack of CoFe 6nni/IrMn 15nm/Ta 
4nm/Cu 30nm/Ta 5nm on the other side. A number of wafers with different FIB milling 
conditions were tested. Multilayer stacks were deposited using different target/substrate 
spacings to optimise the pinhole filling. Unfortunately there is a distance limit of the 
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target to the substrate and the substrate bias is not available in our deposition system, 
which is able to improve the film coverage of the pinhole. We also once tried e-beam 
evaporation to fill the pinholes. Therefore no significant difference was made to the 
magneto-transport properties of the CPP devices after all the above process adjustments, 
and all measured MR curves indicated an AMR origin. 
In order to clarify the ambiguity on the interface quality of the multilayer stack in the 
pinhole, we carried out the following two experiments: 
I. A conventional spin-valve stack was deposited on a blanket Si wafer following the 
identical deposition and wafer reloading sequence, i.e., after the deposition of the first 
Ta/NiFe bilayer, the wafer was taken out of the chamber and reloaded, and then the 
second stack in the sequence of Cu/CoFe/lrMn/Ta was deposited on the same side of 
the wafer after the surface of the first NiPe layer was pre-sputter cleaned. The CIP MR 
curve of such a spin-valve sample is presented in Fig. 4. 53 (a), showing - 5 % GMR. 
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Fig. 4. 53. (a) CIP MR curve of the blanket spin valve films and (b) CPP MR curve of a similar film 
stack deposited through a pinhole in the SiN, membrane. 
2. The same multilayer stack was repeated on patterned wafers with the SiN^ membrane, 
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but deposited through the pinholes, i.e., the NiFe/Ta bilayer was first deposited on one 
side of the wafer, and then the wafer was taken out of the chamber, turned upside down 
and reloaded, followed by the deposition of the Cu/CoFe/IrMn/Ta stack on the other 
side after the pre-sputter cleaning. A typical measured CPP MR curve of such a sample 
is shown in Fig. 4. 53 (b), where the MR value is only - 0.2% and thae is no sign of the 
exchange-bias between the CoFe and IrMn layers. 
We would expect a CPP GMR curve from this device if the interface quality of the film 
stack deposited through the pinhole was similar to that of the blanket spin-valve sample 
shown in Fig. 4. 53 (a). However this was not achieved. Obviously the MR curve shown 
in Fig. 4. 53 (b) has the AMR origin only. 
4.5.4 Conclusion 
Our experimental results present the difficulties in realising spin-valve typed CPP 
nanocontacts in SiN^ membranes. 
Firstly, some small voids might be created when the film stack deposited into the high 
aspect-ratio pinholes. Secondly, it is not an easy thing to form a continuous film stack 
with a smooth interface inside the 20-50 nm wide pinholes, as we had hoped for. As we 
know, the interface smoothness is critical to achieve the GMR effect in spin valves. 
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Chapter 5 Conclusions 
spin-dependent electron transport in submicron/nano sized ferromagnetic thin film 
devices fabricated using the optical lithography, e-beam lithography and FIB has been 
systematically explored with the main objective to find BMR in the nanoconstriction 
devices. The important results are given below: 
The magnetisation reversal processes have been investigated in the submicron standard 
NiFe stripe and half-pinned NiFe stripe with a microconstriction by MR measurements 
and micromagnetic simulations. An asymmetric MR curve is observed in the 
half-pinned device, because the left part does not quickly switch the magnetisation, and 
the resistance stays almost constant when the reverse field is lower than the pining field 
of the IrMn layer. A 180° domain wall is seen at the interface between the pinned part 
and the unpinned part in the simulated magnetisation configuration. Micromagnetic 
simulations verify the special MR curve is caused by the exchange-bias on die left side 
of the NiFe stripe, which changes the magnetisation switching mechanism of the whole 
stripe. 
Domain wall motion induced magnetisation reversal processes in NiFe nano devices 
with different pinning sites have been studied by MR measurements and micromagnetic 
simulations. A sign of domain wall MR is shown in the transversal MR curves of two 
FlB-pattemed structures with nanoconstrictions, which can be attributed to the domain 
wall scattering mechanism. We realised the control of the domain wall pinning and 
displacement with two types of pinning sites (a triangular element and a 
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nanoconstriction), which was verified in the micromagnetic simulations. Similar domain 
wall motion induced magnetisation switching processes were discovered in the NiFe 
layer of the spin-valve based nano devices with the same dimensions. Thus it is possible 
to design complex submicron single-layer NiFe film or spin-valve based magnetic wires 
to selectively achieve position control of domain walls for potential applications in 
nanowire-based magnetic memory and logic devices. 
Magnetisation switching and reversal process haven been investigated in the e-beam 
patterned NiFe nanoring with nanoconstrictions in the connected wire by MR 
measurements as a function of the magnetic field direction and the applied current. For 
the applied field direction perpendicular to the wire, an MR enhancement is seen around 
zero fields at a low current, which is due to the domain wall scattering at the 
nanoconstriction {similar to what we observed in NiFe nano devices with a 
nanoconstriction). The magnetisation in the ring goes via the single onion-to-onion 
switching process regardless of the current value. For the applied field tilted from the 
perpendicular direction, it is shown that the current has an effect on the switching fields 
and therefore on the transition process. The magnetisation in the ring goes via a double 
switching process at a low applied current, but through a single switching process when 
the current density is higher than the critical current density. The switching field from 
the vortex state to the onion state decreases with increasing the current when the 
electron flow is In the direction of domain propagation, while the opposite electron flow 
increases if. 
To extend the nanoring research, a study of the size effect on the magnetisation 
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switching and interlayer magnetostatic coupling has been carried out in synthetic 
antiferromagnet (SAF)-pinned spin-valve nanorings by MR measurements and the 
micromagnetic simulations. It has been demonstrated in simulations that SAF-pinned 
spin-valve nanorings exhibit a double {onion - vortex - reverse onion) or single (onion -
reverse onion) magnetisation switching process depending on the ring diameter. It is 
also revealed that the magnetostatic coupling between the CoFe pinned layers and the 
NiFe free layer is dependent on the ring size, and it plays a more important role in the 
magnetisation switching of small nanorings. The interlayer magnetostatic coupling was 
efficiently reduced in the large SAF-pinned nanorings, resulting in a small shift of the 
minor MR curve, which is beneficial to the magnetic memory applications. 
In-situ MR measurements and the investigation of domain wall properties have been 
conducted in FlB-milled nanoconstrictions. The MR of the nanoconstriction device was 
measured as a function of the constriction width. Spin-valve like sharp transitions were 
observed on the MR(H) curves in the 80 nm/130 nm wide nanoconstriction devices 
superimposed on the normal AMR curves, which may indicate the existence of BMR or 
DWMR. However, our analysis of the results by micromagnetic simulations and 
SEMPA domain observations concluded that these sharp MR transitions originated from 
the AMR effect, due to the fast ma^etisation rotation in the nanoconstriction. This 
switching behaviour vanishes for constrictions wider than -130 nm due to a change in 
the shape anisotropy, and does not exist in sub-30 nm constrictions either. 
Experimental MR peaks at the constriction width of 180 nm and decreases as the 
constriction width drops, especially for the sub-30 nm one. This is in contradiction to 
180 
other recent experiments [13, 214], BMR theories [209, 228-229] and domain-wall 
scattering theory [95]. 
Conversely, the simulated MR magnitude is almost constant in spite of the significant 
changes in the domain wall profile/width when varying the constriction width from 20 
nm to 180 nm. Thus the reduction of MR in the smallest constrictions could be caused 
by the Ga* ion implantation damage, which is much worse with the decrease of the 
constriction width. 
Through my thesis work, several challenging issues have been found for the realisation 
of the spin-dependent electron transport in thin film nanoconstrictions, including the 
nanofabrication of sub-30 nm constrictions, the design and control of domain wall 
structures in the nanoconstrictions, the physical quality of the nanoconstrictions (less 
Ga^ ion implantation), and the protection of the nanoconstrictions from 
oxidation/electrostatic discharge (ESD) damage after the sample fabrication and during 
the MR measurement. From all the nanoconstriction devices studied in this project, no 
experimental evidence for BMR was observed. This conclusion is in contradiction to 
the original publicationsby oneof the partners in the consortium [1, 121-122], however, 
is in line with the concerns raised by Egelhoff et al. [132]. Although the existence of 
BMR cannot be absolutely ruled out due to the limitations of the current nanofabrication 
techniques, we are convinced that the reported BMR originated from the experimental 
artefacts. 
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APPENDIX 1: Source Code of LabView Program 
The main block diagram: 
a) Initialise and set the settings of the current source meter. 
3- — I 
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Fig. appendix 1. 
Fig. appendix 2. 
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b) Step the DC or pulse currents up or down and change the direction of the current. 
Fig. appendix 3. 
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Fig. appendix 4. 






c) Initialise Model 2182 meter and take readings of the signal (4 Sub Vis are included). 
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Fig. appendix 5. Scan.vi. 
Fig. appendix 6. bufter_clear.vi. 
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Fig. appendix 8. buffer__read.vi. 
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Fig. appendix 9. buffer_read.vi (1). 
m 
• I 
Fig. appendix 10. bulTer read.vi (2). 
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d) Calculate relevant physical quantities and save the data. 
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Fig. appendix U. 
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Fig. appendix 12. 
204 
I nrrn n-nwn n n n n rmn-mr'g-BH P P BTIT J H i'rb.:"4r'tP u n n n g p a P P P n o o BTTPTiX P P g p n n ] 















Fig. appendix 13. 
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Fig. appendix 14. 
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e) Save the data to a file and plot the I-V loop instantly. 
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Size Effect on Magnetic Switching and Interlayer Magnetostatic Coupling 
in Spin-Valve Nanorings Exchange-Biased by Synthetic Antiferromagnets 
Y. Zhou'. D, SticklcH. Y, Du', E.Ahmad'. Z. Lu\ R. Fromter^. H. P. Oepen^ D, Wilton', and G. Pan' 
'Fatuity of Technology, Universiiy of Plymouth, Plymouth PL4 HA A, U.K. 
•'insliiui fiir Angewandie Physik. Universitat Hamburg, Hamburg 2035S. Germany 
This papiT presents studies of the size effect on magnetic switching and intertaycr niacnetostatic coupling in synthetic antiferromaBnel 
|.SAF)-pinncd spin-valve nanorlngs connected to nano slripi'.s with a nanocunslricllon. Micromagnetic slitiulalion has been successfully 
used tu reveal tlic detailed magnetizatlun i-eversal process of these nantirines. II was observed thai SAF-pinned spin-valve nnnorlngs 
exhibit a double (onion—vortex—reverse onion) or single loniun—reverse onion) magnetization switching process depending on Ihe ring 
diameter, which Is contrary lo narrow single-layer MFe rings that show a double switching process only. Mlcrumaeuelic simulations of 
the SAF-plnned spin valve nanorings suggest that the magnetosiailc coupling between the pinned layers of the SAK and Ihe free layer 
l.t dependent on Ihc ring size; it plays a very importani role in the magnetization switching of small nu no rings (MX) nm outer diameter), 
Iiul only a minor role in Ihe .iwltehiiig of hig nauorings (Killll nm outer diameter). An crticient reduction of the magnclostallc Interaction 
results in a .sniatl shift of the minor magnet uresis lance curve, which is heneticial to the magnetic memory applicatiunii. 
Index rerm.i—Domain wall motion, magnetization reversal, magnclostutic coupling, uanoring, spin-valve. 
1. INTRODUCTION 
C ONSIDERABLE siuilies of magnclic ring structures have been garried oul in recent years due to iheir polcmial 
applicaiion in high-dens iiy magnetic random access memory 
(MRAM) 11 hi 12). To dale, most of the work has focused on 
single-layer NiFe or Co rings (21-[12!, where there exisi two 
disdnci msjinelic slaies: the vortex stale with a flux-closure 
domain and ihe onion stale with 180'' hciid-lo-head/lail-io-iail 
domain walls, due lo the compelilion between the magnclosmtic 
energy and Ihe exchange energy. 
Compared with single-layer ring elemciits, ring-shaped mul-
lilayer stmclurcs. such as spin-valve and magnetic lunnci junc-
tion (MTJ) siniclures with higher magneioresisiance (MR) ra-
tios, provide a more sensilivc way of invc.'iligating the magneti-
/.alion configurations in the Tree and pinned layers. Such struc-
tures with more domain states (the slate combinations in Iwo 
magnetic layers) are very aiiraclive for spinironic applications 
such as memories or logic device,'; thai require multiple stable 
resistance levels | I 3 | , 
Generally for these multilayer struclures, Ihe magnetic 
layers may be coupled through the magnciostatic inicraciions, 
resulting in a change of ihe switching Md of the free layer. 
This leads lo a shift of ilu- minor MR curve ulong ihe (ield axis. 
Thus, it is essential to investigate the etTeci of ihe magne-
lostatic interactions on the magnetic switching in ring-shaped 
multilayer structures. The main magnetostatic interactions 
come from two mechanisms, the Neel coupling and the inter-
layer magnelosiatic coupling. The N6cl coupling due lo the 
interface roughness is independent of the feature sj7.e [14|, 
[42|, [15], The interlayer magneiosialic coupling is caused by 
ihe siray lield from ihe domain wails and the edges of neigh-
boring magnetic layers | I6 | and it increases with a decrease 
in the feature size [17]. For a patterned device, the inlcrlayer 
magneiosialic interaction field can be approximated by the 
Manuscript received March 12, 2010; revised Augusi 09.2010Bnd Scplcmbcr 
ly, 2010; accepleil Seplcmber 20, 2010, Dale of publicBlion OcUibcr 21, 2010; 
ilalc o( current version Deccmbct 27, 2010. Corresponding author: Y, Zhou 
(t-rrniil: yun.zhiiuWspp-pts.eQfn) 
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demagnetization field of Ihe pinned layer acting on the free 
layer, which is estimated by ihe formula //£, ~ CMst/L. 
where £ is the Icngih ol" ihe paiierned device, and Ms. 'r and 
C are the magnetizaiion, thickness of ihe pinned layer, and 
the proportional coefficient, respeciivcly I1H]-[20|. So the 
majinelosialic coupling Held is proportional to the product of 
the thickness and the saluration magnetization of the pinned 
layer [21]. As a result, this coupling field is much reduced in 
the SAF slruciure due to the decreased nei magnetization and a 
smaller effective CoFe thickness. 
Since Zhu e! ul. achieved robust magnetic switching in the 
multilayer GMR rings with enhanced MR response [22|, there 
has been recent interest in the magnetization reversal in ring-
shaped multilayer siruciures, e.g., spin-valve NiFe/Cu/Cn/lrMn 
ring.s. pseudo-spin-valve NiFc/Cu/Co rings |23|-[30|, and MTJ 
rings (3I]-[33|. In the spin-valve rings, the free layer shows a 
switching mechanism different from thai of single-layer rings, 
which is caused by the strong inierlayerniapneiostatic coupling. 
As a result, they present asymmetric minor MR curves with 
large shifts. Although the onion stale still exists, normally a 
vortex stale in the free layer can only be observed when ihe ref-
erence layer is in the vonex siaie |23), |24), [27]-|291. which 
eliminates the interlayer magneio.siatic coupling. 
In the ring-,shaped MTJ [31], |32J Chen i-i ul. found several 
common domain slates, including the onion slate and the vortex 
slate, which arc similar to what they observed in single-layer 
NiFe rings. The magnetosiaiic coupling also exists in MTJ rings, 
but does not affect ihe magnetic transition, which is different 
from the behavior of the spin-valve rings, A size dependence of 
the magnetization transition process was seen in the MTJ rings 
132|, 
Adding a SAF structure to spin valves or MTJs is a good way 
lo decrease the shift of the minor MR curve by reducing the 
inlcrlayer magneto.static coupling, which is desirable for better 
device performance in many applications, such as MRAM. read 
headsormagnelicsensors. Chen's group introduced the SAF to 
the MTJ rings 1,131. and found an incomplete vortex slate. They 
aitribuied this lo the pinning ol the surface roughness rather Ihan 
the magneiostaiic coupling, which was neglected in the micro-
magnetic simulalions and their analysis. 
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So far there are no reported data on the behavior of SAF-
pinned spin-valve ring.s, and in particular there are no investiga-
tions of the dependence of the magnetization switching process 
on the magneiostatic coupling in such rings, in spite of their im-
portance. 
Here, we pre.sent a study by a combination of MR measure-
ments and micromagneiie simulations of the size effect on the 
magnetic switching behavior and the interlayer magnetostalic 
coupling in SAF-pinned spin-valve rings. The intention is to 
produce minor MR curves with small shifts through the reduc-
lion in Ihe magnetostaiic coupling between the free and pinned 
layers of SAP pinned spin valves. 
U, EXPERIMENTAL T E C H N I Q U E S 
Spin valves with a SAP structure of (substrate)/Ta (2 nm)/ 
NiFe (4 nm) /Cu (2,5 nm)/CoFe (2 nm)/Ru {0.7 nm)/CoFe (2,5 
nm)/lrMn (8 nm) /Ta (2 nm) were deposited by a Nordikn PVD 
system on a thermally oxidized Si wafer. The base pressure for 
the deposition was below 3 x 10~** Torr, The process condi-
tions were optimized separately for each of the target mate-
rials, A uniform magnct icf ieldof 50 Oe was applied in the sub-
strate plane during the deposition to induce an in-plane uniaxial 
magnetic anisotropy for the ferromagnetic layers. The annealing 
process was undertaken at 250°C in an argon atmosphere in a 
magnetic field of 6 kOe applied along the easy axis of the free 
layer. 
Samples were (irst phoiolithographically patterned into the 
shape of a submicron disk connected with stripes and injection 
pads in both ends, as shown in Fig, 1(a), The injection pads 
are connected to four large nonmagnetic electrodes [Fig, 1(b)] 
of Ta (5 nm)/Cu (100 nm)/Ta (5 nm), which serve as elec-
trical connection pads to perform MR measurements with a 
standard four-point probe. Nanorings were then fabricated by 
focused-ion beam (FIB) from this basic structure, as shown in 
Fig, 2, A 100 nm wide nanoconstriction on the right stripe was 
also cut by FIB. The cuts were made with the Orsay Physics 
Canion 31 Plus UHV FIB using 30 kV gallium ions (5 pA 
beam current) [34], It needs to be pointed out that our ring 
structure is different from those used in other work [2]-(13], 
|23]-[33], due to the special sample fabrication procedure 
(photolithography plus FIB milling) and the requirement of 
our MR measurement system. Such a geometry (injection 
pads, stripes and a nanoconstriction) was initially adopted for 
research into the domain wall MR in the single-layer NiFe 
nanorings f35|, [43] and also used in our previous investigation 
of the ballistic magnetoresistance (BMR) effect |36|, 
As shown in Fig, 2, nanoring A has an outer diameter of 1600 
nm and an inner diameter of 1200 nm; nanoring B has the outer 
and inner diameters of 601) nm and 200 nm, respectively. The 
ring width is 200 nm for both types of rings. The nano stripes 
are 200 nm wide for both nanorings, and 1000 nm and 6(KJ nm 
long for nanoring A and nanoring B, respectively. 
The magneto-trans port properties of three types of samples, 
unpaitemcd spin-valve (ilms, nanoring A and nanoring B, have 
been measured at room temperature using a 4-point probe 
system equipped with a Keilhley 2182 Nano-Voltmeter and a 
Keithley 6221 ac and dc current source. The magnetic field is 
(a) 
(b) 
Fig. I, SEM images of (a) a submicrnn spin-valve disk conneoied ID the injec-
lioii pads before FIB pflUeming and of (b) a device connecled lo four nonmag-
nelic eleclrodcs. 
applied in Ihe plane of the substrate along Ihe easy axis of the 
films. 
HI. RESULTS AND DISCUSSION 
The minor (low field) MR curves of the unpaiierned syn-
thetic spin valve tilms, nanoring A, and nanoring B are shown in 
Fig. 3(a), (b) and (c). respectively. The unpaitemed spin valve 
sample has a GMR of 7,8%. A shift of - 10 Oe was observed in 
the minor MR curve, which was due to the Neel coupling 114], 
[42], [15], also referred lo as the "orange peel" coupling. The 
GMR for both nanorings is about 1,3%, which is much lower 
than thai of Ihe unpaiiemed spin-valve films. And the shifts of 
Ihe MR curves are —12 Oe and —26 Oe for nanoring A and 
nanoring B, respectively, higher than that of the unpattemed 
lilms. 
As shown in Fig, 3(b), the minor MR curve of nanoring A ex-
hibits four distincl resistance levels labeled as Li , L j . L3, and 
L^, Starting from a positive licld of 200 Oe, as the Held sweeps 
from positive lo negative, (he first big transition occurs at a small 
negative held, leading to the first resistance plateau (Lj) Fol-
lowed by another two intermediate resistance states; the second 
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(a) 
(b) 
Fig. 2, SEM imageEof fa) nanoring A und (b) nannring D connucied wlih nana 
stripeii (wi')i u nanocanalricllon in Ihc riglll stripe). 
[L2} and the third plateaus (Ly) . The high resistance stale (the 
fourth transition, L.i) is observed at a field of -12(1 Oe, While 
for nanoring B, its minor MR curve shows only two distinct re-
sistance levels, which are labeled as L'j and L j in Fig, 3(c), re-
spectively. These resistance levels only correspond to ditTercnt 
magncti/aiion conliguralions in ihc NiFe free layer, since there 
IS no magnetization reversal in Ihe CoFe pinned layers of the 
SAF structure at low (ield mea,surements. 
The large GMR ratio drop in the patterned nanoring device 
can be iillribuled lo the Ga"* ion induced inlcrniixing during 
the FIB fabrication process. As has been found, the high-en-
ergy Ga-f ions (30 keV) are responsible for the interface inter-
mixing and the reduction of inierface effects like GMR |37|, 
[,18], Halo ions of the outer beam profile hn the licvice and re-
duce the GMR effect by low-dose intermixing. Most of the halo 
ions are blocked by the 15.2 nm thick materials above the Cit 
spacer layer responsible for the GMR- The remaining GMR is 
si ill enough lo monitor the different domain slates inside Ihe ring 
structure. 
Nanorings A and B show larger shifts in the minor MR curves 
than the unpatlerned films. As we know, this can be ascribed In 
the increase of the magnctostatic interactions (the vector sum 
i)f the inierlayermagiieloslatic coupling field and the Nee I cou-
pling field) between Ihe free and pinned layers of the SAF struc-













Kig 3. Minor (low-tickl) MH tunu i ol la) unpaiwtcwd lilms, (hi nunoring A 
anil Ic) nanoring B, and ihc uppei righl insci shoivs ihi' simulaled MR curve of 
(he torrespDnding nunoring, rcspcclively. The lower lefl insel of (b) (courtesy of 
T.J. HII y word CM)/, 139]), isihe minor MR curve with u.shift of 40 Oe in the Co 
<S nml/L'u (ft niiil/Nire (6 nm) pseudo-spin-valve ring wilh (he outer diameter 
of iyimand ihc width of I HO nm 
size 114], |42|, 115|, the shift difference between the patterned 
ring elements and the unpattemed films is due lo an increase in 
the intcrlaycr niagnetostatic coupling as the feature size reduces 
after patterning 117]. 
It is important to examine the conlribulion of each CoFe layer 
to the total inierlayer magnetostaiic interaction. Considering ihe 
thickness difference of the two CoFe layers, the negative mag-
netoslalic coupling from the thin lower CoFc layer only pariially 
cancels the positive coupling from the thick upper CoFc layer, 
so Ihe nei coupling Iteld is positive. This net coupling field fa-
vors the parallel alignment of the free layer and the lower CoFe 
layer the same as the Neel coupling acting on the free layer. 
Based on the above analysis, the inlerlayer magnciostatic 
coupling in our SAF pinned .spin-valve rings, especially those 
with an outer diameter of 1.6 jim, is much lower than that of 
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spin-valve nanorings wilhoui the SAF [23], [24], [27]-[29], 
This can he further verified hy comparing the shift of the minor 
MR curve beiween SAF-pinned nanoring A (—12 Oe shift) 
and a pseu do-spin-valve ring (with an outer diameter of 2 ;;.m, 
—40 Oe shift), as shown in the lower left insei of Fig. 3(b), 
and Ihe much larger shift of the iaiier indicates a much higher 
magnelostatie coupling [39], 
But it needs to be noted that the magnelostaiie coupling rises 
with the decrease of the ring diameter. As shown in Fig. 3(c), 
the shift of the minor MR curve of the small nanoring B is dou-
bled compared with nanoring A, which may hint at a different 
magnetization rever.'ial process being responsible. 
To clarify Ihe magnetization reversal mechanism in nanor-
ings of different sizes, we have done a 3-D micromagnciic sim-
ulation of the NiFe {4 nm)/Cu (2.5 nm)/CoFe (0.5 nm) irilayer 
nanoring device using LLG Micromagiietics Simulator [40]. A 
cell size of 10 nm X lOnmx ihickness was used for each layer. 
Parameters used in the simulations for Permalloy were the sat-
uration magnetization Ms = 8 x 1 0 ^ emu/cm-', the exchange 
constant A — 1.05 x 10"' ' erg/cm and the uniaxial anisotropy 
constant Ku2 = 1.0 x lO-* erg/cm''; parameters for CoFe were 
Ms = l.O X 10^ emu/em^, A = 2.05 x 10"^ erg/cm, and 
Ku2 = I'O X lO'' erg/cm-'. A damping constant a of 0.5 was 
used in the computations. 
Although the whole SAF was not included in the simulaiion 
volume to save the compulation lime, a pinning field of 30[X)Oc 
was applied to the pinned layer, and an inierlaycr coupling lield 
IditTereni values for different ring sizes, the same as that ob-
tained in Ihe MR measurements) beiween the free and pinned 
layers wa.-- also added lo the input. The injection pads were in-
cluded in the simulaiions, but only part of ilicm is shown below 
due to limited space. 
For nanoring A, its simulated MR curve i,s given in ihe upper 
right inset of Fig. 3(b), which agrees well wiih the experimental 
MR curve. Tl is seen in die low-lield simulation that the CoFe 
pinned layer stays in Ihe single domain state, which can be ex-
plained by the large antiferromagnelic coupling from the SAF 
sirueiure. The simulation also shows thai the NiFc free layer 
of ihc ring Slack exhibits a single-domain state at the positive 
saturation lield. When the lield decrea.ses from the saiuralion 
field, the magnetizaiionofihe NiFe free layer gradually follows 
Ihe circumference of the ring because of the shape anisotropy. 
The single-domain siaie ihcn switches to the forward onion 
stale, where there are two head-to-head/tail-to-tail domain walls 
formed ai the joini between the ring and ihe nano stripes, as 
illustrated in Fig. 4(a). When Ihe magnetic lield decrea.ses and 
sweeps from zero lo negative, ihi; first sharp transition occurs at 
a low negative field, where the magnetization of the NiFe free 
layer in the injection pads is reversed as shown in Fig. 4(b|, 
leading to ihe lirsi sharp step increase ol the resistance (due 
to Ihc aniiparallel configuration wuh respect lo the pinned 
layer), followed by the first plateau (Li). Further increase of 
Ihc negative field promotes the magnetization switching in 
the left siripe and in ihe right pari of the right siripe (beiween 
Ihe nanoeonsiriciion and the right injection pad), as seen in 
Fig. 4(c). which corresponds lo the second jump-up in the 
resistance (L2}. There is no apparent magnetization switching 
ihereafler until ihe negative lield reaches a pomi where Ihe 
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Fig. 4 Simulaicd mngneliianon configuraimns in ihc NiFc Tree layer uf 
nanorins A nl (H) H = 11.5 Oe, (h) H = -1.:^ Oe. (t| H = -GO Oc. (d) 
H = -102 Oi^ , and (c) H = -11 2 Oc. tcspctiivcly. wiih Iht tuiimal tielil 
.sweeping from po.sirive lo noBMivc (righl ki Icfl). 
domain wall depins from Ihe nanoconsiriclion, leading to a 
ciimplcie magneii/.aiion reversal of the righi stripe as shown in 
Fig. 4(d). In addition, the vortex state is formed in the ring area 
after a reverse domain wall sweeps across the lower half-ring 
and switches Ihe magnetization, which begins by the expansion 
of the reverse domain from ihe stripe, where the MR curve 
shows the third jump-up in the resistance followed by the third 
plaieau (L^). Eventually, a higher negative field leads lo the 
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Fig. 5. Siniulatcd magntiijalior cnnflguifllions in vhe Nil-c. Irec Inycr nl 
nanoring B ni (ii) B = l.JO On, Ih) H = - 3 3 Oc. and ( d H = - l l l j Oc, 
wliEn Ihe exieriifll (icld sweeps fmm posilive in nogmivc. 
founh slep increase in ihe resistance and the final resistance 
saturation state (L,i), when a reverse domain nucleates and 
grows in the upper hall-ring to (lip the magncti/.atiun direction, 
leading to the formation of a reverse onion state in the ring 
[Fig. 4(e)l, As presented above, a vortex state is seen in the 
free layer of the SAF-biased spin-valve nanorings during the 
magnetization reversal when the CoFe pinned layer is in the 
single-domain state, which is very similar to what we found in 
single-layer NiFe nanorings |351, |43|. but dilTercnt from the 
behavior of the eonvcniional spin-valve rings without the SAF, 
where normally no vortex stale is shown in ihe free layer unless 
the pinned layer is in the vonex state 1231,124], |27]- |2yi , We 
also noticed that a vortex state is stil l achievable in the free layer 
of Ihe convenlional spin-valve nanorings by using asymmetric 
injeeiion pads, and applying off-axis external lields or using 
asymmetric ring geometries [251, |26|, [3()|. 
To summarize, nanoring A shows a normal double switching 
process (a forward onion siaic lo a vonex stale, and finally to a 
reverse onion state). From the shift of lis minor MR curve, we 
know iherc is a magncioslatic coupling from the CoFe pinned 
layers, and the normal double switching process with the vortex 
state shows that such a coupling is small in this large nanoring. 
Fur nanoring B. ihe simulated MR curve is also consistent 
with Ihe experimental one. as shown in the inset of Fig. 3(c). 
Its simulated magnelization switching process (see Fig. 5) of 
the NiFe free layer is different from that of nanoring A, as ex-
pected from their different experimental MR curves. Starling 
from the positive saturation, at ihe beginning of the magneti-
zation switching, nanoring B behaves similarly to nanoring A, 
When the field decreases from the positive saiuraiion lo zero, 
nanoring B switches from the single-domain state to the forward 
onion state in Fig, 5(a}. showing two head-to-he ad/tail-to-tail 
domain walls. The first sharp increa.se of the resistance is also 
observed al a low negative field, corresponding lo the magneti-
zation reversal in the NiFe free layer of ihe iwo injection pads 
[Fig. 5(b)|. However, due lo Ihe strung magneiosiatic interac-
tion between Ihe Free and pinned layers caused by the small 
diameter of nanoring B. il is loo hard for the reverse domains 
in the NiFe free layer to expand quickly at a low field. Conse-
quently, over a wide field range, there is no abrupt resistance 
change (or intermediate vortex state as seen in nanoring A). In-
stead, it shows a slow and continuous increase in the resistance 
la gradual, upward slope L i , which is highlighted with a circle 
inFig.3(c) l . Once the field is high enough to overcome Ihe mag-
nctosiatic interaction, the reverse domains in the NiFe free layer 
quickly initiate ihe expansion into the nano stripes. The strong 
negative lield also promoies the annihilaiion of domain walls al 
the constriction, followed by the formation of a reverse onion 
stale in the ring; reverse domains quickly nucleate and sweep 
across ihe ring, and the magnetization direction is switched to 
negative. As a result, Ihe previous hcad-to-head/tail-to-iail do-
main walls annihilaic and Ihe reverse lail-io-iail/head-io-head 
domain walls form at the jo in i between the nano stripes and 
Ihe ring, which is shown in Fig. 5(c), At this point, the resis-
tance quickly jumps up to the saturation s la te(L j ) , showing the 
second sharp increase in the resistance, in summary, nanoring 
B exhibits a single onion-to-rcvcrse onion switching process 
withoui the vortex stale, which is different from the behavior 
of nanoring A, bui comparable to that of the convenlional spin-
valve nanorings withoui the SAF [23], [24], |27]-[29]. Such a 
similarity is obviously cau.sed by the increased inierlayer mag-
neiosiatic interaciions in a small nanoring. 
As described above, there is a dependence of the magnetic 
switching behavior on the ring diameicr. For a large diameter 
(nanoring A), the double transition process (onion—vortex—re-
verse onion) occurs, due loa weak inierlayer magnetostatic cou-
pling; bui for a small diameier (nanoring B), the single transition 
process (onion—reverse onion) appears, and no vortex state ex-
ists because of a much sironger magneiosiatic coupling. 
it can be seen that Ihe inierlaycr magnetostatic coupling in-
creases with a reduclion of the ring diameier, The reason lies in 
two mechanisms. First, as ihe ring diameter decreases, magnetic 
moments cannot exactly follow the perimeter of Ihe ring due 
to Ihe decrease of the circumferential shape anisotropy, leading 
to an enhancement of Ihe magneiosiatie coupling from the ring 
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edge [17]. Second, when the ring becomes smaller, the siray 
held Irom the dtimain walls m the pinned layers become,^ more 
importanl. 
I l needs to be noted Ihal the inlcrlayer rnagnclosiaiic field is 
very nunuiiiform across the area ol' the ring. This magnecosiaiie 
field is minimized in ihe nux-closure vorlex stale. But in the 
onion stale, ihe magnelisalion is noi parallel lo the edge and 
there are iwo bead-to-head/tail-lo-lail domain walls, leading lo 
surface charges. Thi.s cau.se.sa large magnelo.siaiic field near the 
ring edge/domain walls, and ihis field decreases rapidly with 
increasing distance from ihe ring edge/domain walls, which was 
found by M. Liiufenberg ei at. [41], 
As we know, i i is the inierlayer interaction between ihe free 
and pinnedlayersof a spin-valve slnicture which causes a shift 
in ihe minor MR curve, so that nanoring A shows a small shift 
in ihe minor curve can be explained by a weak interlayer mag-
neiosiutic coupling, due to its large ring diameter, as discussed 
above. 
As .small nanorings are preferred for high-storage density 
M R A M , increasing the ring diameier is not ihe ideal way to 
drop the inlerlayer magnciosiatic coupling for smaller .shifts 
of Ihe minor MR curves, l i is well underMood ]161 thai there 
are iwo oiher options when adding Ihe SAF .siruciurc lo ihe 
spin-valve ring;; to reduce ihe magnetostaiic coupling: one is lo 
minimize the thickness difference in the two CoFe layers for a 
lower net magnetization and a smallcreffeciive CoFe thickness, 
resulting in the lower magnctosialic interaciion: ihc oiher is lo 
make the upper CoFe layer a little Ihinner ihan the lower layer, 
-SO that the polarity of ihe net magnelo.maiic coupling from the 
CoFe layers is flipped lo favor ihe anliparallel alignmeni of 
ihe free and pinned layers. Thus, ihe negative magneiosiaiic 
coupling can be used to compensate the Neel coupling (favoring 
the parallel alignmeni), aiming for a near-zero net coupling 
field. 
To summarize, we have invesiigatcd Ihe efTeci of ihe ring size 
on Ihe magnetic switching process of Ihe,SAF-pinned spin-valve 
nanorings, and found a sirong dependence of the inlerlayer mag-
neiosiaiic coupling on ihe ring diameier. 
In addition, we noticed in our cxperimcnis Ihal ihe injec-
tion pads al.so contribute to ihe magneiorcsislancc, resulling in 
ihe first sharp resisiance transiiinn on ihe MR curve. To check 
whclhcr Ihe unique swiiching behavior of SAF-pinned nanor-
ings is caused by the injection pads, we carried oul further sim-
ulaiions of isolated .SAF-pinned rings without injection pads. 
As shown in Fig, &|aMc) and (d)-(e), respcciively. the large 
isolaled ring shows a double switching process wiih a vortex 
Slate, and the small one shows a single .switching process with 
no vortex siaie. The simulaiion results confirm that the i.solated 
rings behave in ihe same way as the rings wiih injection pads, l l 
can therefore be inferred ihal although the symmeiric injection 
pads may have a small effecl on ihe magnetic switching of the 
nanoring, the switching behavior of the ring is more deiermined 
by ihe inlerlayer magnetosiaiic coupling, which depends on ihe 
ring diameter. 
IV. CONCLUSION 
In Ihis work, a detailed picture of the magnetic switching be-
havior of ihe synthetic .spin-valve nanorings connected to nano 
stripes with a nanoconsiriclion has been given by a combina-
tiim of MR measuremenis and 3-D micromagneiic simulations. 
The SAF-pinned nanoring devices exhibii a.symmetric minor 
MR curves with different resistance levels, corresponding to dif-
ferent magneli/aiion configurations in the NiFe free layer, as 
clarified by the micromagnetic .simulations. The magnetic re-
versal behavior is influenced by the magneiosiaiic coupling as 
a function of the ring diameter. Large nanorings show a normal 
double switching process with a vortex slate, while small nanor-
ings show a single switching process due to the strong magne-
to.siaiic coupling between the free and pinned layers. The in-
terlayer magnetosiatic coupling, which leads to a shift of the 
minor MR curve, is ring size dependeni. The large SAF-pinned 
spin-valve nanoring presents a smaller shift in the minor MR 
curve than ihc small nanoring. 
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